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INTRODUCTION 


This  study  is  a  Phase  II  trial  to  assess  the  safety,  tolerability,  and  efficacy  of  ganaxolone, 
a  GABAa  agonist,  for  the  treatment  of  behavioral  problems  including  anxiety  and  inattention  in 
children  with  FXS.  It  has  been  demonstrated  in  the  fragile  X  mouse  model  and  the  Drosophila 
(fruit  fly)  model  of  FXS  that  the  GABAa  system  including  multiple  receptors  is  dramatically 
down-regulated.  Ganaxolone  is  a  drug  that  enhances  GABAa  activity.  We  hypothesized  that 
ganaxolone  will  significantly  improve  behavioral  problems  including  anxiety,  inattention  and 
impulsivity  problems  in  children  with  fragile  X  syndrome.  We  will  enroll  60  children,  ages  6-17 
years,  with  fragile  X  syndrome  over  a  4-year  period  and  they  will  be  randomized  to  receive 
either  ganaxolone  or  a  placebo  initially  and  then  crossed  over  after  6  weeks.  We  will  use 
innovative  outcome  measures  in  addition  to  standard  outcome  measures  that  have  been 
successful  in  previous  treatment  trials  in  fragile  X  syndrome  at  baseline  and  follow-up  visits. 
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BODY 


TASKS  1,  2  and  3  were  completed  in  the  beginning  of  Year  2.  Regarding  TASK  4,  we 
are  actively  recruiting  subjects  at  a  rate  of  3-4  individuals  per  month  to  meet  the  enrollment  goal 
of  sixty.  From  Jul  15,  2013  to  Jul  14,  2014,  twenty-five  subjects  were  enrolled,  screened  and 
randomized,  bringing  the  total  enrollment  to  thirty-six.  Twenty-six  have  completed  and  there 
have  been  seven  early  tenninations  and  two  screen  failures.  Data-entry  is  being  completed  on  a 
regular  basis.  No  serious  adverse  events  have  occurred.  The  first  Data  Safety  Monitoring  Board 
(DSMB)  meeting  took  place  in  September  2013,  and  the  trial  was  allowed  to  proceed.  The  next 
DSMB  meeting  is  being  scheduled  for  Fall  2014.  We  plan  to  increase  recruitment  to  4  subjects 
per  month  for  Year  4  of  the  project  to  reach  the  enrollment  goal  of  sixty. 

Work  on  TASK  5,  data-analysis  and  report  writing,  has  not  begun.  We  will  begin 
working  on  this  task  in  the  second  half  of  Year  4. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

There  are  no  key  research  accomplishments  to  report  since  the  trial  is  still  actively 
recruiting  and  data  analysis  has  not  been  completed. 
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research  to  include: 

1.  R.  Lozano,  E.  Hare,  R.  Hagerman,  Neuropsychiatric  Disease  and  Treatment  10,  1769 
(2014). 

2.  E.  Hare,  R.  Hagerman,  R.  Lozano,  Expert  Opinion  on  Orphan  Drugs,  2,  531  (2014). 
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Targeting  Neurobiological  Mechanisms,  R.  J.  Hagerman,  R.  L.  Hendren,  Ed.  (Oxford 
University  Press,  2014),  pp.  215-238. 


7 


CONCLUSION 


The  protocol  was  renewed  with  both  the  UC  Davis  (UCD)  IRB  and  the  USAMRMC 
HRPO.  Since  enrollment  began  in  November  2012,  thirty-six  subjects  have  been  enrolled  with 
twenty-six  completed.  There  have  been  seven  early  terminations  and  two  screen  failures.  Data- 
entry  is  done  regularly.  No  serious  adverse  events  have  occurred.  The  first  DSMB  meeting  took 
place  in  September  2013,  and  the  trial  was  allowed  to  proceed.  The  next  DSMB  meeting  will  be 
scheduled  for  Fall  2014.  We  plan  to  increase  recruitment  to  4  subjects  per  month  for  Year  4  to 
reach  the  enrollment  goal  of  sixty.  If  we  can  demonstrate  efficacy  of  ganaxolone  in  our  outcome 
measures  this  will  have  a  major  impact  on  the  treatment  of  fragile  X  syndrome  and  move  us 
closer  to  a  cure  for  these  children. 
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Abstract:  Fragile  X  syndrome  (FXS)  is  the  most  common  genetic  cause  of  intellectual  disability 
and  the  most  common  single-gene  cause  of  autism.  It  is  caused  by  mutations  on  the  fragile 
X  mental  retardation  gene  ( FMR1 )  and  lack  of  fragile  X  mental  retardation  protein,  which  in 
turn,  leads  to  decreased  inhibition  of  translation  of  many  synaptic  proteins.  The  metabotropic 
glutamate  receptor  (mGluR)  hypothesis  states  that  the  neurological  deficits  in  individuals  with 
FXS  are  due  mainly  to  downstream  consequences  of  overstimulation  of  the  mGluR  pathway. 
The  main  efforts  have  focused  on  mGluR5  targeted  treatments;  however,  investigation  on  the 
gamma-aminobutyric  acid  (GABA)  system  and  its  potential  as  a  targeted  treatment  is  less 
emphasized.  The  fragile  X  mouse  models  (Fmrl  -knock  out)  show  decreased  GABA  subunit 
receptors,  decreased  synthesis  of  GABA,  increased  catabolism  of  GABA,  and  overall  decreased 
GABAergic  input  in  many  regions  of  the  brain.  Consequences  of  the  reduced  GABAergic  input 
in  FXS  include  oversensitivity  to  sensory  stimuli,  seizures,  and  anxiety.  Deficits  in  the  GABA 
receptors  in  different  regions  of  the  brain  are  associated  with  behavioral  and  attentional  processing 
deficits  linked  to  anxiety  and  autistic  behaviors.  The  understanding  of  the  neurobiology  of  FXS 
has  led  to  the  development  of  targeted  treatments  for  the  core  behavioral  features  of  FXS,  which 
include  social  deficits,  inattention,  and  anxiety.  These  symptoms  are  also  observed  in  individuals 
with  autism  and  other  neurodevelopmental  disorders,  therefore  the  targeted  treatments  for  FXS 
are  leading  the  way  in  the  treatment  of  other  neurodevelopmental  syndromes  and  autism.  The 
GABAergic  system  in  FXS  represents  a  target  for  new  treatments.  Herein,  we  discuss  the  animal 
and  human  trials  of  GABAergic  treatment  in  FXS.  Arbaclofen  and  ganaxolone  have  been  used 
in  individuals  with  FXS.  Other  potential  GABAergic  treatments,  such  as  riluzole,  gaboxadol, 
tiagabine,  and  vigabatrin,  will  be  also  discussed.  Further  studies  are  needed  to  determine  the 
safety  and  efficacy  of  GABAergic  treatments  for  FXS. 

Keywords:  gamma-aminobutyric  acid  (GABA)  system,  targeted  treatments,  autism,  ganax¬ 
olone,  arbaclofen 
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Introduction 

Fragile  X  syndrome  (FXS)  is  the  most  common  cause  of  inherited  intellectual 
disability  and  largest  single-gene  cause  of  autism.1  The  fragile  X  mental  retarda¬ 
tion  gene  (FMR1)  located  on  the  X  chromosome  at  band  q27.3  typically  has  5-44 
CGG  repeats;  however,  this  trinucleotide  repeat  length  can  expand  to  an  unstable 
repeat  length.  45-54  CGG  repeats  is  considered  a  gray  zone  and  may  have  some 
clinical  involvement,  including  a  higher  rate  of  primary  ovarian  insufficiency  com¬ 
pared  to  controls.2  Premutation  carriers  have  trinucleotide  repeats  ranging  from 
55-200  CGG  in  length.  These  are  usually  healthy  individuals  who  are  at  risk  of 
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developing  fragile  X-associated  tremor/ataxia  syndrome,  a 
neurodegenerative  disorder  seen  in  aging  carriers.3  They  are 
also  at  an  increased  risk  for  anxiety  and  mood  disorders,4 
immune-mediated  disorders,5  migraine  headaches,6 
hypertension,7  and  primary  ovarian  insufficiency,8  all  of 
which  range  in  severity  and  prevalence.  Adult  female  car¬ 
riers  have  evidence  of  gamma-aminobutyric  acid  (GABA) 
dysfunction.9 

There  are  some  carriers  who  may  show  an  attention- 
deficit  hyperactivity  disorder  (ADHD)  and  autism  spectrum 
disorders  (ASDs);10  however,  the  prevalence  of  those  traits 
is  far  more  common  in  individuals  with  the  full  mutation 
whose  trinucleotide  expansion  is  greater  than  200  CGG 
repeats.  The  full  mutation  presents  with  a  range  of  clini¬ 
cal  features,  including  ADHD,  ASDs,  anxiety,  intellectual 
disability,  social  avoidance,  aggression,  stereotyped  behav¬ 
iors,  disrupted  sleep  patterns,  epilepsy,  macroorchidism, 
prominent  ears,  long  faces,  soft  skin,  and  hyperextensible 
joints.11  Males  with  the  full  mutation  are  typically  more 
severely  affected  than  females  due  to  the  compensatory 
nature  of  the  second  X  chromosome,  which  still  translates 
the  FMR1  gene  leading  to  more  normal  fragile  X  mental 
retardation  protein  (FMRP)  production.  The  prevalence 
of  the  full  mutation  is  approximately  one  in  5,000  males12 
and  one  in  8,000  females,13  whereas  the  premutation  is 
far  more  common,  at  one  in  130-250  females  and  one  in 
250-810  males.14 

The  expansion  of  the  trinucleotide  sequence  results  in 
lowered  FMRP  levels.  The  premutation  expansion  results 
in  a  two-  to  eightfold  increase  in  FMR1  mRNA  levels, 
which  leads  to  RNA  toxicity  accounting  for  phenotypic 
features;  however,  the  FMRP  levels  often  stay  normal 
or  become  somewhat  decreased,  particularly  after  120 
CGG  repeats.1516  The  full  mutation  results  in  reduced  or 
no  FMRP  production,  which  is  found  primarily  in  the 
brain  and  testes.  In  the  brain,  FMRP  is  crucial  to  synaptic 
development  and  refinement  thus  accounting  for  the  psy¬ 
chiatric  features  of  FXS,  while  its  presence  in  the  testes 
is  needed  for  normal  testicular  size.  The  primary  function 
of  FMRP  is  to  negatively  regulate  protein  translation  at 
the  synapse,17  and  it  is  estimated  that  FMRP  binds  up  to 
4%-8%  of  mRNA  within  the  brain.18  This  regulation  is 
crucial  in  the  metabotropic  glutamate  receptors  (mGluRs) 
1  and  5,  which  become  upregulated,  leading  to  exagger¬ 
ated  long-term  depression  (LTD).  This  concept  is  the 
basis  of  the  mGluR  theory  of  FXS19  and  the  focus  of  many 
targeted  treatments  for  FXS,  such  as  the  mGluR5  antago¬ 
nists  AFQ056  (mavoglurant;  Novartis  Pharmaceuticals, 


Basel,  Switzerland)  and  R049 17523  (F  Hoffmann-La 
Roche  AG,  Basel,  Switzerland). 

Additionally  implicated  in  the  dysregulation  at  the 
synapse  is  the  GABA  system,  which  is  important  in  syn¬ 
aptic  inhibition.  An  imbalance  between  the  excitatory 
glutamatergic  and  the  inhibitory  GABAergic  neurotrans¬ 
mission  is  proposed  to  cause  the  cognitive  impartments, 
anxiety,  and  autism  of  FXS  and  other  neuropsychiatric  and 
neurodevelopmental  disorders. 1,20,21  While  two  medications 
have  been  developed  specifically  for  GABAergic  modula¬ 
tion  -  arbaclofen  (Seaside  Therapeutics,  Cambridge,  MA, 
USA)  and  ganaxolone  (Marinus  Pharmaceuticals,  Inc.,  New 
Haven,  CT,  USA)  -  this  paper  will  also  address  GABAergic 
medications  such  as  riluzole,  gaboxadol,  tiagabine,  and 
vigabatrin.  Before  discussing  the  medications,  a  more  in- 
depth  focus  on  the  GABA  system  and  its  dysregulation  in 
FXS  will  follow. 

Neurobiology 

More  than  3  decades  of  molecular  research  have  led  to  a 
better  understanding  of  the  neurobiology  of  FXS  and  related 
disorders.  FXS  is  caused  by  a  dynamic  mutation  of  more 
than  200  CGG  trinucleotide  repeats  in  the  5’  untranslated 
region  on  the  FMR1  gene,  which  results  in  an  absence  of 
expression  of  FMRP.  FMRP  is  a  selective  RNA-binding 
protein,  found  most  abundantly  in  the  CNS  and  testes, 
which  regulates  the  expression  of  many  mRNAs  through 
inhibitory  control  at  the  synapse.22  The  crucial  role  of  FMRP 
in  regulating  the  synthesis  of  synaptic  proteins  extends 
beyond  the  phenotype  of  FXS  to  other  neurodevelopmental 
and  neuropsychiatric  disorders,  in  which  FMRP  may  also 
be  deficient.23 

FMRP  contains  three  main  RNA-binding  domains:  two 
hnRNP  K-homology  domains  and  one  arginine-  and  glycine- 
rich  region  of  FMRP.  In  vitro  FMRP  is  part  of  messenger 
ribonucleoparticles  (structures  that  are  involved  in  protein 
synthesis)  and  regulates  dendritic  transport  of  associated 
mRNAs.22  FMRP  interacts  with  several  cytoplasmic  and 
nuclear  proteins  and  has  been  found  in  granules  containing 
translationally  silent  preinitiation  complexes.  In  summary, 
FMRP  regulates  RNA  transportation,  stabilization,  and  transla¬ 
tion,  mainly  at  the  synapse  in  neurons. 

The  activation  of  mGluR5  induces  protein  synthesis  in 
the  soma,  axons,  dendrites,  and  postsynaptic  sites,  as  well 
as  degradation  and  recycling  of  somatic  and  axonic  proteins 
through  the  MAPK/ERK  and  mTOR  pathways,  which  is 
required  for  LTD,  a  form  of  hippocampal  synaptic  plasticity 
that  develops  and  consolidates  long-term  memories.  In  the 
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Fmr I -knock  out  [KO]  mice,  LTD  is  significantly  increased, 
and  this  leads  to  deficits  in  synaptic  plasticity  and  weaken¬ 
ing  of  synaptic  connections.22  The  mGluR  theory,  which 
suggests  that  psychiatric  and  neurological  aspects  of  the 
syndrome  are  due  to  exaggerated  downstream  consequences 
of  mGluR5  upregulation,  was  validated  by  genetic  mouse 
studies  in  which  rescue  of  several  symptoms  occurred  when 
the  Fmrl- KO  mouse  was  crossed  with  the  mGluR  heterozy¬ 
gous  mouse.24  The  Fmr  I -KO  also  shows  hypothalamic  excess 
of  many  synaptic  proteins  from  increased  protein  translation 
rate  and  protein  synthesis,  whereas  the  GABA  system  is 
downregulated  in  the  absence  of  FMRP,  as  described  in  the 
GABA  neurobiology  section.25 

GABA  neurobiology 

The  GABA  system  is  the  main  inhibitory  system  in  the  brain. 
It  works  through  two  classes  of  GABA  receptors:  GABAa 
and  GABAb.  GABAa  receptors  are  ligand-gated  ion  channels, 
whereas  GABAb  receptors  are  G  protein-coupled  receptors. 
GABAa  receptors  allow  the  flow  of  chloride  ions  across  the 
membrane,  which  hyperpolarizes  the  neuron’s  postsynaptic 
membrane  and  minimizes  the  effect  of  any  coincident  syn¬ 
aptic  input.  GABAb  receptors  hyperpolarize  the  neuron’s 
membrane  by  activating  G-protein-coupled  inwardly  recti¬ 
fying  potassium  channels.26  The  GABA  receptors  are  very 
diverse  in  their  subunit  composition  and  localization  at  the 
synapse  and  in  regions  of  the  brain;  their  effects  are  fast  or 
slow  persistent-tonic  inhibition,  depending  on  their  localiza¬ 
tion  and  grade  of  stimulation.27 

The  GABA  system  is  required  for  a  balanced  neuronal 
activation  and  network  oscillations,  direct  flow  of  informa¬ 
tion,  neural  synchrony,  and  facilitating  the  movement  of 
information  in  and  between  multiple  brain  areas  involved 
in  cognition.28-30  Since  FXS  is  characterized  by  anxiety, 
hyperarousal,  and  epilepsy,31,32  recent  studies33-36  have  aimed 
to  identify  the  defects  in  the  inhibitory  GABA  system  in  the 
Fmrl-KO  mouse. 

GABAa 

FMRP  targets  the  mRNAs  encoding  eight  different  GABAa 
receptor  subunits  (al,  a3,  a4,  (31,  (32,  y\,  y2,  and  8),  which 
were  significantly  reduced  in  the  neocortex  and  cerebellum 
of  Fmrl-KO  mice,  particularly  the  y  subunit,  which  rep¬ 
resents  extrasynaptic  (perisynaptic)  GABAa  receptors.37,38 
The  Fmrl-KO  mouse  confirms  a  deficit  in  the  production 
of  GABAa  receptors.  Proteins  required  for  GABA  transport 
(eg,  GABA  transporter)  and  catabolism  (eg,  GABA  transami¬ 
nase  [GABA-T],  succinic  semialdehyde  [SSADH])  are  also 


reduced.33,34  In  addition,  FMRP  in  the  presynaptic  side  also 
regulates  the  expression  of  glutamic  acid  decarboxylase, 
which  is  the  rate-limiting  GABA-synthesis  enzyme.33,35,37 
Therefore,  FMRP  regulates  the  expression,  metabolism,  and 
catabolism  of  the  GABAa  receptors,  and  in  its  absence,  there 
is  a  decreased  GABAergic  input.  The  Fmrl-KO  mouse  exhib¬ 
its  reduced  inhibitory  postsynaptic  currents  in  the  amygdala35 
and  subicular  neurons.36  Although  FMRP  inhibits  the  transla¬ 
tion  of  many  messages,  it  can  also  stimulate  the  translation 
of  mRNAs,  and  the  GABA  system  is  downregulated  in  the 
absence  of  FMRP.  Consequences  of  the  reduced  GABAa 
receptor  expression  in  FXS  likely  include  oversensitivity  to 
sensory  stimuli,  seizures,  and  anxiety. 

GABAb 

GABAb  is  a  metabotropic  G  protein-coupled  receptor  that 
regulates  voltage-gated  Ca2+  channels,  G  protein  inwardly 
rectifying  K+  channels,  and  adenylyl  cyclase.26  Activation  of 
the  receptor  triggers  slow  inhibitory  postsynaptic  currents, 
which  reduce  the  neuronal  excitability.26  Presynaptic  GABA0 
receptors  inhibit  glutamate  release,  which  further  exacerbates 
the  upregulation  of  the  mGluR5  system;  therefore,  treat¬ 
ment  with  GABAb  modulators  has  the  potential  to  correct 
phenotypic  deficits  in  FXS.  When  treated  with  a  double¬ 
knockout  of  FMR1  and  RGS4,  male  Fmrl-KO  mice  showed 
reduced  susceptibility  to  audiogenic  seizures.39  Since  RGS4 
is  a  regulator  of  G  protein  signaling  and  associated  with 
GABAb  receptors  and  inward-rectifying  K+  channels,  it  has 
a  therapeutic  potential  to  regulate  GABAb  subunits  in  the 
treatment  of  FXS.39 

Impacted  regions  of  the  brain 

The  amygdala,  a  component  of  the  limbic  system  involved  in 
emotional  recognition  and  reaction,  as  well  as  fear  processing, 
is  one  part  of  the  brain  considerably  impacted  by  GABAergic 
dysregulation.  Socioemotional  impairments  are  prevalent 
in  both  premutation  and  full  mutation  patients,  which  war¬ 
rants  study  of  the  amygdala  as  a  basis  for  this  impairment. 
Numerous  studies  have  been  performed  assessing  amygdala 
volume,  activation  in  relation  to  gaze  processing,  and 
facial-emotional  processing,  which  yield  contradictory  and 
inconsistent  results  due  to  varied  protocols  and  populations 
(as  summarized  in  Kim  et  al).40  Fear-specific  activation  of 
the  amygdala  was  significantly  reduced  in  patients  with  FXS 
compared  to  neurotypical  controls,  despite  no  differences  in 
amygdala  volume,40  which  suggests  biological  impairment 
possibly  at  the  synaptic  level  instead  of  altered  brain  size 
leading  to  emotional  dysregulation.  The  amygdala’s  phasic 
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inhibitory  postsynaptic  currents,  tonic  inhibitory  currents, 
reduced  GABA  release,  and  inhibitory  synapses  are  consid¬ 
erably  reduced  in  frequency  and  amplitude  in  the  amygdala 
of  Fmrl- KO  mice.35  Due  to  the  phenotypic  socioemotional 
impairments  seen  in  both  the  premutation  and  full  mutation 
individuals  alongside  the  biological  impairments  seen  in 
the  Fmrl-KO  mouse,  the  amygdala  is  a  point  of  study  for 
gauging  improvement  with  new  treatments. 

Further  modifications  in  GABAergic  activity  are  found 
in  the  cortex  of  the  brain  in  FXS  and,  while  monosynaptic 
GABAergic  transmission  is  unaffected,  there  is  a  substan¬ 
tial  deficit  in  local  excitatory  drive  targeting  fast-spiking 
inhibitory  neurons  in  layer  4  of  the  somatosensory  (barrel) 
cortex,  which  partially  accounts  for  seizures,  cognitive 
dysfunction,  and  sensory  hypersensitivity  of  the  FXS 
phenotype.41 

A  study  assessing  GABA-mediated  cerebellar  inhibi¬ 
tion  comparing  healthy,  asymptomatic  women  with  and 
without  the  premutation  found  that  women  with  the  pre¬ 
mutation  show  an  absence  of  cerebellar  inhibition  over 
primary  motor  cortex  as  well  as  reduced  GABAA-mediated 
intracortical  and  afferent  inhibition.9  Even  in  asymptomatic 
carriers,  there  is  still  GABA  dysregulation,  which  warrants 
the  need  for  compounds  with  GABAergic  modulation  prop¬ 
erties  in  premutation  carriers.  The  available  compounds 
are  limited  and  mostly  focus  on  antiepileptic  properties; 
however,  other  mechanisms  of  action  modified  by  such 
treatments  may  provide  additional  outlets  for  improving 
the  phenotype  in  both  carriers  and  individuals  affected  by 
the  full  mutation. 

GABAergic  treatments 

After  a  better  understanding  of  the  neurobiology  and  neuro¬ 
pathogenesis  of  FXS,  many  compounds  have  been  used  as 
targeted  treatments  for  FXS.  Research  has  focused  mainly 
on  the  development  of  mGluR5  antagonists,  but  better 
understanding  of  the  GABAergic  system  in  FXS  has  led  to 
a  new  GABAergic  approach  and  relevant  targeted  treatment. 
The  GABA  receptors  in  different  regions  of  the  brain  are 
associated  with  some  behavioral  phenotypes  in  individuals 
with  FXS.  Particular  attention  has  been  devoted  to  correcting 
the  amygdala-based  symptoms.  GABAergic  agonists  can 
be  used  for  specific  phenotypes  including  anxiety,  autistic 
behavior,  epilepsy,  and  cognitive  impairment.  GABA  ago¬ 
nists  have  shown  very  limited  efficacy  in  preliminary  studies 
for  these  symptoms,  but  they  have  been  well  tolerated.42,43 
The  GABAergic  treatments  are  a  relatively  new  area  and 
basic  and  translational  research  is  limited  in  spite  of  their 


potential  to  treat  FXS  based  on  animal  and  small  clinical 
studies. 

Acamprosate 

Acamprosate  is  a  GABAa  agonist  approved  for  treatment  of 
alcohol  withdrawal.  Excessive  alcohol  consumption  over  a 
long  period  of  time  changes  the  balance  between  the  excit¬ 
atory  and  inhibitory  systems.  Acamprosate  helps  people  who 
have  consumed  large  amounts  of  alcohol  by  stabilizing  the 
excitatory /inhibitory  balance  in  the  brain,  mainly  by  enhanc¬ 
ing  the  function  of  GABAa  receptors  and,  possibly,  by  its 
inhibitory  effects  on  the  mGluRs.44  Acamprosate  does  not 
prevent  the  withdrawal  symptoms  that  people  may  experience 
when  they  stop  drinking  alcohol. 

Clinically,  a  short  report  of  three  patients  with  FXS  treated 
with  acamprosate  showed  improvements  in  language  and 
behavior,44  which  led  to  other  GABAergic  targeted  treatments 
and  a  second  open-label  1 0-week  trial  of  acamprosate  (mean 
dose  1,054±422  mg/day)  in  12  children  and  adolescents 
ages  6  to  17  years  with  FXS.  The  study  showed  improve¬ 
ments  in  social  behavior  and  inattention/hyperactivity  using 
multiple  standard  behavioral  outcome  measures.  A  Clinical 
Global  Impressions-Improvement  (CGI-I)  scale  score  of 
“very  much  improved”  or  “much  improved”  was  rated  in 
nine  of  12  (75%)  subjects.  No  significant  adverse  effects 
were  reported.  Additionally,  pre-  and  posttreatment  blood 
biomarker  analyses  were  performed  by  measuring  brain- 
derived  neurotrophic  factor  (BDNF)  levels.  A  significant 
increase  in  the  BDNF  levels  with  treatment  was  described. 
Flowever,  treatment  response  did  not  correlate  with  change 
in  the  BDNF  level.44 

Ganaxolone 

Ganaxolone  (3a-hydroxy-3B-methyl  analog  of  allopreg- 
nanolone)  is  a  GABAa  receptor  agonist  through  allosteric 
modulation  that  has  anticonvulsant,  anxiolytic,  and  seda¬ 
tive  effects.45  It  is  orally  active  and  does  not  have  hormonal 
effects.  Neuroactive  steroids  like  ganaxolone  act  most 
potently  and  effectively  on  GABAa  receptors  containing 
8  subunits.  Ganaxolone  is  under  development  for  treatment 
of  seizure  disorders  and  posttraumatic  stress  disorder.  This 
pharmaceutical  has  been  well  tolerated,  is  safe  in  adults, 
children,  and  infants,46  and  has  been  found  to  improve  symp¬ 
toms  in  humans  and  mouse  models.46,47 

Although  many  GABAa  receptor  subtypes  are  diminished 
in  the  Fmrl- KO  mouse,  there  is  evidence  that  extrasynaptic  y 
subunit  containing  GABAa  receptors  are  especially  affected.48 
In  the  Fmrl-KO,  ganaxolone  has  been  shown  to  decrease 
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audiogenic  seizures.47  Similarly,  studies  in  the  dfmr  mutant  fly 
showed  that  GABAa  agonists  ameliorate  the  lethality  phenotype 
of  glutamate-containing  food,  neuropathology,  excessive  pro¬ 
tein  translation,  and  abnormal  courtship  behavior.49  The  most 
frequently  reported  adverse  events  with  ganaxolone  in  seizure 
studies  are  somnolence,  convulsion,  agitation,  pharyngitis,  otitis 
media,  diarrhea,  vomiting,  cough,  andpyrexia.50Arandomized, 
Phase  II,  double-blind,  placebo-controlled  crossover  trial  to 
investigate  the  efficacy  of  ganaxolone  for  the  treatment  of  anxi¬ 
ety  and  attention  deficits  in  children  with  FXS  aged  6  to  1 7  years 
flittp://www.ClinicalTrials.gov:  NCT01725152)51  is  currently 
underway.  Ganaxolone  should  increase  and  normalize  GABAa- 
mediated  signaling  -  by  boosting  the  signaling  capacity  of 
existing  receptors  -  and  improve  behavior,  particularly  anxiety 
and  attention. 

Gaboxadol  (THIP) 

Tonic  GABAa  inhibition  is  associated  with  specific  recep¬ 
tor  subunits,  particularly  the  relatively  rare  a4,  a6,  and 
8  subunits.  The  8  subunit-containing  receptors  are  insen¬ 
sitive  to  benzodiazepine  agonists,52,53  but  highly  sensitive 
to  gaboxadol.54,55  Gaboxadol,  the  selective  8-GABAa 
super-agonist  receptor,  4,5,6,7-tetrahydroisoxazolo(5,4-c) 
pyridin-3-ol  (also  known  as  THIP),  has  properties  to  generate 
tonic  inhibition,  namely  activation  by  low  concentrations  of 
GABA  through  the  activation  of  the  extrasynaptic  8  subunit- 
containing  receptors.54,56 

As  previously  mentioned,  Fmrl-KO  mouse  studies  have 
showed  deficits  in  inhibitory  transmission  in  the  amygdala 
of  the  Fmrl-KO  mouse,  including  reduction  in  the  frequency 
and  amplitude  of  phasic  inhibitory  postsynaptic  currents 
and  of  tonic  inhibitory  currents,  as  well  as  a  reduction  in  the 
number  of  inhibitory  synapses  and  in  neuronal  hyperexcit¬ 
ability  in  principal  neurons.35 

A  neuronal  study  has  also  shown  significant  increases  in 
the  action  potential  threshold  in  both  wild-type  and  Fmrl-KO 
mice.57  Strikingly,  the  action  potential  threshold  in  Fmrl-KO 
mice  in  amygdala  slices  was  restored  to  wild-type  levels  by 
THIP  application.  Thus,  the  electrophysiological  abnormalities 
of  neuronal  hyperexcitability  in  the  Fmrl-KO  amygdala  can 
be  dramatically  rescued  by  augmenting  tonic  inhibitory  tone.35 
A  behavioral  study  in  Fmrl-KO  mice  have  shown  that  THIP 
significantly  attenuated  hyperactivity  and  reduced  prepulse 
inhibition  in  a  volume-dependent  manner.  However,  THIP 
did  not  reverse  the  deficits  in  cued  fear  or  startle  response.58 
Current  studies  show  that  enhancing  GABAergic  transmission 
can  correct  specific  behavioral  phenotypes  of  the  Fmrl-KO 
mouse,  further  supporting  focus  on  the  GABAergic  system 


and,  specifically,  tonic  inhibition,  which  might  be  important  for 
correcting  or  ameliorating  specific  behaviors  in  FXS  47,49,58 

Gaboxadol  reached  a  Phase  III  trial  before  its  ces¬ 
sation  because  of  side  effects,  such  as  hallucination  and 
disorientation.  Due  to  these  safety  concerns  and  lack  of  effi¬ 
cacy,  work  on  the  drug  was  discontinued  in  2007;  however, 
recent  studies  in  animal  models  of  ASD  have  shown  that 
gaboxadol  is  effective  in  rescuing  neurophysiological  and 
behavioral  deficits.58,59  Further  studies  in  fragile  X  animal 
models  are  necessary  to  provide  cumulative  evidence  in  the 
efficacy  and  safety  of  gaboxadol.  Currently,  there  are  no 
studies  in  individuals  with  FXS. 

Vigabatrin 

Vigabatrin  is  an  antiepileptic  and  analog  of  GABA 
(although  not  an  agonist)  that  inhibits  the  catabolism  of 
GABA  by  irreversibly  inhibiting  GABA  transaminase.  It 
has  been  found  that  the  half-life  of  biologic  activity  is  far 
longer  than  the  elimination  half-life,60,61  and  there  is  no 
range  of  target  concentrations  because  there  was  no  differ¬ 
ence  between  the  serum  concentration  levels  of  responders 
and  those  of  nonresponders.61  In  addition,  the  duration 
of  action  is  more  a  function  of  the  GABA  transaminase 
resynthesis  rate.62  Vigabatrin  has  been  approved  by  the  US 
Food  and  Drug  Administration  (FDA)  for  use  in  patients 
with  refractory  complex  partial  seizures,  but  the  rentinal 
toxicity  of  the  medication  limits  it’s  use  to  those  who  have  not 
responded  to  other  treatments.63  However,  it  is  recommended 
when  the  benefits  outweigh  the  side  effects  in  individuals 
with  intractable  seizures.  There  are  no  studies  in  FXS  animal 
models  or  clinical  trials  in  individuals  with  FXS. 

Arbaclofen 

One  compound  shown  to  influence  GABA  regulation  in  the 
Fmrl-KO  mouse  is  arbaclofen,  a  GABAb  agonist  developed 
by  Seaside  Therapeutics.  Arbaclofen  is  a  receptor  agonist  and 
active  enantiomer  of  racemic  baclofen,  which  presynaptically 
blocks  glutamate  release,  thereby  decreasing  the  overacti¬ 
vation  of  the  glutamatergic  pathways.  In  Fmrl-KO  mice, 
arbaclofen  corrected  elevated  protein  synthesis  in  the  hip¬ 
pocampus;  reduced  elevated  AMPA  (a-Amino-3-hydroxy-5- 
methyl-4-isoxazolepropionic  acid)  receptor  internalization  to 
wild-type  values;  decreased  mRNA  translation  in  the  cortex; 
and  corrected  the  increased  spine  density  prevalent  in  the 
mouse  phenotype.64 

In  pediatric,  adolescent,  and  adult  patients  with  FXS,  arba¬ 
clofen  was  administered  in  a  randomized,  double-blind,  placebo- 
controlled  crossover  study.  The  primary  outcome  measure,  the 
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Figure  I  Neurobiology  in  FXS. 

Notes:  (A)  In  the  normal  neurobiology  of  the  synapse,  FMRP  regulates  the  expression  of  GABA  receptors  and  the  metabolism  and  catabolism  of  GABA.  (B)  The  affected 
neurobiology  in  FXS,  with  reduced  GABA  synthesis  and  transport,  fewer  GABAa  and  GABAg  receptors,  and  therefore  overall  reduced  GABAergic  activity.  (C)  The 
neurobiology  in  FXS  with  GABAergic  treatments.  The  sites  of  action  for  the  medications  are  indicated  by  stars  on  the  various  receptors  and  enzymes.  Arbaclofen  focuses  on 
the  presynaptic  GABAg  receptors  to  increase  their  activity  with  a  secondary  inhibitory  effect  on  the  presynaptic  release  of  glutamate.  Ganaxolone,  acamprosate,  and  riluzole 
all  work  on  the  GABAa  receptors  to  increase  the  reduced  activity.  Ganaxolone,  however,  has  higher  affinity  to  the  extrasynaptic  5  subunit  containing  GABAa  receptors. 
Vigabatrin  reduces  the  resynthesis  of  GABA  to  glutamate,  which  is  already  increased  in  FXS. 

Abbreviations:  FMRP,  fragile  X  mental  retardation  protein;  FXS,  fragile  X  syndrome;  GABA,  gamma-aminobutyric  acid;  GABA-T,  gamma-aminobutyric  acid  transaminase; 
GAD,  glutamic  acid  decarboxylase. 


Aberrant  Behavior  Checklist-Community  Edition,  a  58-item 
behavioral  questionnaire,  did  not  show  reduction  in  any  of  the 
subscales  compared  to  placebo42  and,  due  to  resource  limitations, 
Seaside  Therapeutics  had  to  terminate  its  arbaclofen  program.65 
However,  a  post  hoc  analysis  saw  a  full  study  improvement  on  the 


Aberrant  Behavior  Checklist  Social  Avoidance  subscale,  which 
was  an  algorithm  developed  specifically  to  assess  behavioral 
function  in  patients  with  FXS.66  In  addition,  a  subgroup  of  27 
patients  with  more  severe  social  impairment  treated  with  arba¬ 
clofen  showed  improvement  on  all  global  measures,  as  well  as  on 
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the  Vineland  Socialization  subscale,  which  is  a  semi-structured 
parent  interview  that  assesses  adaptive  behavior.  There  were 
also  trends  of  improvement  seen  on  parent-nominated  problem 
behaviors  in  the  visual  analog  scale  as  well  as  on  multiple  global 
measures.42  This  demonstrates  the  need  to  use  biological  subtyp¬ 
ing,  particularly  in  a  heterogeneous  group  of  patients,  such  as 
those  with  ASD.  For  the  subgroup  of  patients  with  FXS  who 
did  very  well  with  arbaclofen,  it  became  a  problem  to  obtain  the 
drug  once  the  company  folded,  and  the  withdrawal  from  arba¬ 
clofen  was  very  difficult  for  many  families.  Overall,  arbaclofen 
was  well  tolerated,  with  sedation  and  headache  being  the  most 
commonly  reported  side  effects.42 

Riluzole 

Riluzole  is  a  medication  approved  for  the  treatment  of  amyo¬ 
trophic  lateral  sclerosis,  which  blocks  voltage-gated  Na+  chan¬ 
nels  and  selectively  depresses  glutamate  over  GABA  release 
and  which,  at  higher  concentrations,  can  potently  increase 
postsynaptic  GABAa  response  in  hippocampal  neurons.67 
Due  to  the  GABAergic  dysregulation  and  epilepsy  shown  in 
patients  with  FXS,  it  was  proposed  that  riluzole  could  act  as  a 
beneficial  treatment  for  FXS.  An  open-label  study  of  riluzole 
in  patients  with  FXS  showed  a  clinical  response  in  only  one 
of  six  patients,  with  significant  improvement  as  measured  on 
the  ADHD  Rating  Scale-IV43  Riluzole  administration  was  also 
associated  with  significant  correction  of  ERK  activation  time 
in  all  subjects.  Overall,  the  medication  was  well  tolerated  and 
showed  non-clinically  significant  increases  in  liver  function 
tests,43  a  notable  side  effect  of  the  medication. 

Tiagabine 

Tiagabine,  a  nipecotic  acid  derivative,  is  another  antiepilep¬ 
tic  that  reduces  neuronal  and  astrocytic  uptake  of  GABA.68 
Sound-induced  convulsions  in  DBA/2  mice  -  which,  notably, 
had  no  sedation  or  motor  debilitation70  -  were  corrected  when 
tiagabine  was  administered;69  however,  there  have  not  been 
any  studies  assessing  the  efficacy  of  tiagabine  in  treating 
FXS.  While  it  may  be  used  to  control  epilepsy  in  patients 
with  FXS,  other  antiepileptic  medications  seem  to  have  more 
potent  treatment  responses.71 

Conclusion 

Numerous  GABAergic  compounds  are  potential  treatments  for 
FXS;  however,  considerably  more  basic  and  translational  research 
is  needed.  The  current  studies  are  mostly  open-label  treatment 
options  with  small  sample  sizes  of  patients  in  a  wide  age  range. 
Larger,  double-blind,  placebo-controlled  trials  are  needed  to 
assess  the  efficacy  of  these  treatments  against  the  placebo  in  order 


to  better  establish  the  treatment  profile  of  each  medication.  The 
largest  double-blind,  placebo-controlled  study  using  a  GABAer¬ 
gic  compound  in  FXS  used  arbaclofen.  Despite  trends  in  a  posi¬ 
tive  treatment  response  on  secondary  outcome  measures,  Seaside 
Therapeutics  could  not  continue  with  additional  studies  focusing 
on  the  secondary  outcome  measures  due  to  limited  resources. 
This  outcome  brings  to  light  the  difficulty  of  establishing  efficacy 
of  targeted  treatments  in  this  population.42,72 

A  number  of  new  treatments  are  also  being  studied  in 
clinical  trials  after  promising  efficacy  studies  in  the  animal 
models  of  FXS.73  These  include  lovastatin,  which  lowers  ERK 
phosphorylation  in  the  mTOR  pathway,  and  an  insulin-like 
growth  factor  1  analog  made  by  Neuren  (Neuren  Phar¬ 
maceuticals  Limited,  Camberwell,  VIC,  Australia).  Other 
treatment  trials  are  in  the  pipeline  but  have  yet  to  come  to 
clinical  trials.74 

There  are  a  number  of  barriers  to  new  treatments, 
including  the  time  and  expense  of  carrying  out  the  toxicity 
studies  in  animals  and  humans  and  subsequent  multicenter 
human  trials  to  demonstrate  efficacy.  Although  FXS  is  a 
single-gene  disorder,  there  is  significant  heterogeneity  in 
clinical  involvement  and  response  to  treatment.  For  many 
trials,  approximately  30%  respond  well,  but  this  may  not  be 
adequate  to  demonstrate  overall  efficacy,  which  prohibits 
FDA  approval  for  marketing.  The  lack  of  biomarkers  that 
would  predict  efficacy  is  greatly  needed  so  that  a  “likely  to 
respond  subgroup”  could  be  identified. 

For  example,  the  AFQ056  compound  by  Novartis  appears 
to  be  most  effective  for  those  who  are  fully  methylated,  but 
additional  biomarkers  are  needed.75  In  addition,  outcome 
measures  that  are  quantitative  and  relate  to  central  nervous 
system  function  or  molecular  changes  and  do  not  depend  on 
questionnaires  from  the  family  would  be  useful  to  decreas¬ 
ing  the  placebo  effect.  Event-related  potential  paradigms  of 
cognitive  processing  would  also  be  useful,  and  we  have  seen  a 
positive  effect  using  the  oddball  paradigm  and  habituation  task 
in  children  treated  with  minocycline  in  a  controlled  trial.76 

The  placebo  effect  is  high,  owing  to  the  overwhelming 
need  for  effective  interventions,  which  is  further  impacted  by 
the  difficulty  of  obtaining  objective  outcome  measures  that 
accurately  assess  a  behavioral  treatment  response.  A  majority 
of  the  improvement  measures  were  based  on  parent  or  caregiver 
response,42,66  which  is  subjective.  More  objective  outcome  mea¬ 
sures  are  needed,  not  only  for  GABAergic  medications,  but  for 
all  clinical  trials  that  focus  on  neurodevelopmental  indications. 
Biomarkers  relating  specifically  to  GABA  upregulation  in 
patients  who  did  improve  on  the  arbaclofen  medication  would 
be  a  vital  tool  for  establishing  efficacy  against  placebo. 
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Combined  clinical  trials  using  two  drugs  or  a  drug 
with  an  intervention  program  may  show  positive  outcomes 
for  FDA  approval.  A  combined  clinical  trial  of  lovastatin 
with  language  intervention  for  individuals  with  FXS  has 
been  supported  by  the  National  Institute  of  Child  Health 
and  Human  Development.77  GABA  downregulation  and 
mGluR5  upregulation  are  thought  to  be  the  major  problems 
in  FXS,  so  interventions  in  both  of  these  pathways  will  be 
critical  for  an  overall  treatment  program.  Ganaxolone  is 
currently  undergoing  a  clinical  trial  in  FXS  and  is  consid¬ 
ered  to  have  the  best  potential  as  a  GABA  agent  because 
it  specifically  targets  the  GABAa  pathway,  which  is  most 
dysregulated  in  FXS.  If  efficacy  in  FXS  is  demonstrated 
and  there  is  FDA  approval  for  an  FXS  indication,  then  it 
will  be  studied  in  ASD  and  related  disorders.  Research 
needs  to  start  focusing  on  multifaceted  treatment  options 
that  combine  multiple  pharmacological  agents  and/or 
behavioral  interventions  due  to  the  complex  nature  of  the 
disease,  but  this  may  be  difficult  prior  to  FDA  approval  for 
each  compound.  Studies  looking  at  behavioral  and  pharma¬ 
cological  interventions  are  planned  for  other  targeted  treat¬ 
ment  options  in  FXS,  including  the  mGluR5  antagonists 
and  lovastatin.  No  studies  are  currently  planned  for  multiple 
GABAergic  medications  or  GABAergic  medications  with 
behavioral  interventions,  which  would  be  highly  useful  and 
may  provide  more  outcome  measures  with  which  to  gauge 
treatment  response. 

In  addition  to  difficulties  in  outcome  measures,  it  should 
also  be  noted  that  reversing  the  behavioral  and  intellectual 
abilities  in  FXS  is  more  difficult  in  adults  because  they  are 
not  typically  in  a  learning  program  and  because  the  neuro- 
biological  abnormalities  may  be  less  reversible  over  time. 
More  intensive  learning  programs  are  required,  although 
the  improvements  seen  in  the  adult  mouse  with  FXS  after 
treatment  with  a  long-acting  mGluR5  antagonist  were 
remarkable78  and  gave  hope  to  many  of  the  families  that  have 
adult  offspring  with  FXS.  Owing  to  the  process  involved  in 
obtaining  FDA  approval  for  medications,  companies  must 
establish  safety  and  efficacy  in  the  adult  population  prior  to 
moving  into  younger  age  groups;  as  such,  the  low  efficacy 
of  adult  studies  prevents  the  medication  from  moving  to  the 
younger  age  groups,  who  are  more  likely  to  see  more  robust 
treatment  responses. 

It  is  important  to  remember  that  synaptic  connections  that 
are  strengthened  by  either  a  GABA  agonist  or  an  mGluR5 
antagonist  also  require  an  intensive  learning  environment  to 
strengthen  these  connections.  Although  most  school-aged 
children  with  FXS  are  receiving  special  education  support 


in  addition  to  speech  and  language  therapy  and  occupational 
therapy,  their  programs  can  usually  be  enhanced  by  the  use 
of  digital  learning  programs  that  can  be  accessed  on  a  tablet 
device.  There  are  a  variety  of  software  applications  that  have 
been  developed  for  individuals  with  ASD,  and  these  programs 
are  likely  to  also  be  helpful  for  those  with  FXS.79 

There  are  many  currently  used  medications  that  are 
helpful  in  FXS  that  will  likely  continue  to  be  helpful  even 
after  GABA  agonists  and  mGluR5  antagonists  are  more 
widely  used  clinically.  These  medications  include  sertra¬ 
line,  a  selective  serotonin  reuptake  inhibitor,  that  can  be 
started  at  a  young  age  and  has  been  helpful  in  improving 
the  language  trajectory  of  toddlers  with  FXS.80  Another 
targeted  treatment  that  can  be  effective  at  an  early  age 
is  minocycline,  which  is  an  antibiotic  that  lowers  the 
level  of  matrix  metalloproteinase  9  which  is  elevated 
in  FXS.81,82  High  levels  of  matrix  metalloproteinase  9 
interfere  with  the  development  of  synaptic  connections, 
and  a  controlled  trial  of  minocycline  in  children  between 
the  ages  of  3  and  17  years  (doses  ranging  from  25  to  100 
mg  per  day)  recently  demonstrated  efficacy  on  the  CGI-I 
in  improving  overall  behavior  and  on  the  visual  analog 
scale  for  improving  mood  and  anxiety.81  Side  effects  of 
minocycline  include  graying  of  the  permanent  teeth  if 
given  before  8  years  of  age,  and  graying  or  darkening  of 
tissue  such  as  in  the  gums  and  nail  beds  at  any  age.  On  rare 
occasions,  minocycline  can  cause  a  lupus-like  syndrome 
with  a  rash  or  swollen  joints  or  pseudotumor  cerebri  leading 
to  a  severe  headache;  if  these  problems  occur,  minocycline 
should  be  discontinued  immediately.81  Once  children  with 
FXS  reach  5  years  of  age,  they  usually  have  a  positive 
response  to  a  stimulant  for  their  ADHD  symptoms;  for 
those  who  do  not  respond  to  a  stimulant,  then  an  alpha 
agonist  such  as  guanfacine  can  be  very  helpful.32  Lastly, 
melatonin  has  also  been  helpful  for  sleep  disturbances  in 
FXS,  particularly  in  young  children.83  Overall,  a  GABA 
agonist  will  add  significantly  to  the  treatment  regimen  in 
children  and  adults  with  FXS,  although  we  do  not  yet  know 
if  improvements  will  be  seen  only  in  behavior  or  if  cognitive 
deficits  will  also  improve  with  long-term  use. 
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Introduction:  Mouse  models  of  fragile  X  syndrome  (FXS),  the  most  common 
cause  of  inherited  intellectual  disability,  show  decreased  GABAergic  input 
and  overactive  metabotropic  glutamate  receptor  (mGluR)  system,  which 
result  in  an  imbalance  between  excitatory  (Glutamate)  and  inhibitory 
(GABA)  systems  in  the  brain.  The  cognitive,  behavioral  and  neurological 
impairments  require  the  development  of  targeted  treatments  that  focus  on 
regulating  the  mGluR  and  GABA  pathways.  The  increasing  literature  on  this 
topic  and  controversial  results  suggest  the  need  for  a  comprehensive  review 
of  the  literature  and  our  expert  opinion. 

Areas  covered:  This  article  includes  an  extended  review  of  the  literature  and 
comprehensive  analysis  of  the  current  studies  in  humans  and  animal  models 
with  FXS. 

Expert  opinion:  Our  expert  opinion  is  that  these  orphan  drugs  will  help 
reduce,  but  not  completely  ameliorate,  the  behavioral  phenotype  of  FXS 
through  improved  synaptic  plasticity.  Single-compound  treatment  may  not 
be  enough  for  the  most  affected  individuals  with  FXS  and  although  the 
orphan  drugs  may  improve  more  generalized  symptoms  of  FXS  compared  to 
symptom-based  treatments,  the  most  effective  treatment  response  will 
require  a  multifaceted  approach  starting  early  in  life  using  multiple  pharma¬ 
cological  and  behavioral  interventions.  More  research  is  needed  to  assess 
how  combinations  of  these  medications,  along  with  behavioral  intervention 
and  educational  opportunities,  will  best  reverse  phenotypic  features  of  FXS. 
The  clinical  trials  of  FXS  are  challenging,  but  offers  hope  for  effective 
treatments  for  this  syndrome  and  other  related  neurodevelopmental 
disorders,  including  autism. 


Keywords:  AFQ056,  arbaclofen,  fragile  X  mental  retardation  1,  fragile  X  syndrome, 
ganaxolone,  lovastatin,  mavoglurant,  minocycline,  R04917523,  targeted  treatments 

Expert  Opinion  on  Orphan  Drugs  [Early  Online] 

i.  Introduction 


Fragile  X  syndrome  (FXS)  and  associated  disorders  are  well  characterized,  and  the 
understanding  of  the  genetic  mutation  and  molecular  abnormalities  have  been 
defined,  leading  to  the  development  of  numerous  targeted  treatments  focusing  on 
the  metabotropic  glutamate  receptor  5  (mGluR5)  and  GABA  pathways.  In  addition 
to  the  development  of  new  compounds  is  the  reconsideration  of  FDA-approved 
medications  for  the  treatment  of  FXS.  There  are  a  number  of  medications  currently 
available  for  treating  symptoms  of  FXS,  such  as  stimulants  for  attention  deficit 
hyperactivity  disorder  (ADHD),  selective  serotonin  reuptake  inhibitors  for  treating 
anxiety  in  addition  to  atypicals  (aripiprazole  and  risperidone)  for  treating 
aggression.  In  addition,  there  are  several  targeted  treatments  focused  on  reversing 
neurobiological  changes  in  FXS  that  hold  the  potential  for  treating  core  features 
of  FXS.  There  is  an  adequate  size  of  literature  on  animal  studies  and  small-scale, 
open-label  trials,  assessing  the  efficacy  of  these  medications;  however,  large, 
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Article  highlights. 

•  The  neurobiological  studies  in  animal  models  of  FXs 
show  an  imbalance  between  excitatory  (Glutamate)  and 
inhibitory  (GABA)  systems  in  the  brain. 

•  FMRP  is  a  major  regulator  of  RNA  translation  in  the 
brain. 

•  Several  compounds  that  regulat  the  GABA  and  mGlur 
system  have  been  studied  in  animal  models  of  FXS  and 
individuals  with  FXS. 

•  The  trials  for  FXS  are  challenging,  but  provide  of  for  the 
treatment  of  this  syndrome. 

•  The  treatments  of  FXS  are  leading  the  way  to  treat 
other  neurodevelopmental  disorders  including  autism. 

•  Biomarkers  may  be  excellent  candidates  in  indentifying 
responders  for  specific  treatments  and  suceptibility  to 
side  effects. 

•  Further  studies  are  necesary  to  identify  better 
scaoutcome  measurements  to  identify  the  eficacy  of 
targeted  treatments. 


This  box  summarizes  key  points  contained  in  the  article. 


double-blind,  placebo-controlled  trials  are  limited,  and  robust 
outcome  measures  are  lacking.  This  paper  reviews  the  cur¬ 
rently  available  literature  on  the  two  main  targeted  treatments 
developed  for  FXS  (mGluR5  antagonists  and  GABA 
agonists),  reviews  the  FDA-approved  medications  that  have 
the  potential  to  impact  FX-associated  pathways  and  looks  to 
future  directions  for  pharmacological  treatment  of  FXS.  First, 
this  article  will  provide  a  short  review  of  FXS,  associated 
disorders  and  the  neurobiology  of  the  disease  followed  by  an 
explanation  of  the  animal  models,  which  have  been  instru¬ 
mental  in  both  characterizing  the  disease  and  developing 
potential  interventions.  This  will  be  followed  by  summaries 
of  the  published  literature  on  the  orphan  drugs  and  other 
potential  pharmaceuticals,  concluding  with  an  expert  opinion 
on  the  status  of  targeted  treatments  in  FXS. 

The  fragile  X  mental  retardation  1  gene  ( FMR1 )  located  on 
the  long  arm  of  the  X  chromosome  at  Xq27.3  is  responsible 
for  both  FXS  and  fragile  X-associated  disorders  (FADs).  Typical 
individuals  have  a  trinucleotide  expansion  of  5  -  44  CGG 
repeats  in  the  5'  untranslated  region  near  the  promoter,  premu¬ 
tation  carriers  have  55  -  200  CGG  repeats  and  individuals  with 
the  full  mutation  leading  to  FXS  have  >  200  CGG  repeats  and 
some  degree  of  methylation.  The  full  mutation  leads  to  a  deficit 
of  the  FMR1  protein  (FMRP)  which  causes  FXS,  the  most 
common  form  of  inherited  intellectual  disability  (ID),  the 
most  common  genetic  (single  gene)  cause  of  autism.  FXS  affects 
approximately  1  in  2500  to  1  in  5000  individuals  [1,2],  The  pre¬ 
mutation  is  estimated  to  be  present  in  1  in  130  -  250  females 
and  1  in  250  -  810  males  [3]. 

The  fully  expanded  trinucleotide  sequence  with  methyla¬ 
tion  silences  the  transcription,  thus  leading  to  the  lack  of  the 
production  of  FMRP,  which  is  critical  for  synaptic  function 
and  development.  The  low  or  lack  of  FMRP  leads  to  a 
characteristic  array  of  physical,  behavioral,  cognitive  and 


neurological  symptoms,  which  makeup  the  phenotype  of 
FXS.  However,  the  manifestation  of  the  behavioral,  cognitive 
and  physical  features  range  from  mild  to  severe  and  many 
individuals  with  FXS  do  not  present  with  the  typical  dysmor¬ 
phic  features  of  prominent  ears  and  a  long  face.  In  consider¬ 
ation  of  the  variability  of  the  phenotype,  the  American 
College  of  Medical  Genetics  recommends  genetic  testing  for 
all  boys  with  ID  and/or  autism  and  females  with  a  character¬ 
istic  family  history  of  FXS  and/or  FADS.  Typically,  this  is 
because  females  are  not  as  affected  due  to  their  second  X  chro¬ 
mosome,  which  accounts  for  closer  to  normal  FMRP  produc¬ 
tion  compared  to  males  with  FXS.  Individuals  with  FXS  often 
have  prominent  ears,  long  face,  soft  skin,  hyperextensible  fin¬ 
ger  joints  and  macroorchidism  with  some  characteristics  not 
developing  until  adolescence.  Behavioral  problems  include 
anxiety,  social  avoidance,  poor  eye  contact,  ADHD,  persever- 
ative  speech  and  behavior,  motor  stereotypies,  aggression  and 
self-injurious  behavior  [4],  Cognitive  and  neurological  impair¬ 
ments  include  developmental  delay,  executive  function  defi¬ 
cits,  impaired  reasoning  and  visual  spatial  processing, 
hypersensitivity  to  environmental  stimuli,  disrupted  sleep 
patterns  and  epilepsy  [5-8], 

Mutations  in  the  premutation  range  can  lead  to  FADs  with 
variability  in  penetrance.  Premutation  disorders  include 
psychiatric,  neurologic,  immunologic  and  endocrine  impair¬ 
ments  in  some  individuals,  including  the  well-characterized 
neurodegenerative  disorder,  fragile  X-associated  tremor  ataxia 
syndrome  (FXTAS)  [9,10],  fragile  X-associated  primary  ovarian 
insufficiency  (fragile  X-associated  premature  ovarian  insuffi¬ 
ciency  [FXPOI] -menopause  before  age  40)  [li],  depression 
and  anxiety  [12, 13].  In  carriers,  the  excessive  transcriptional  activ¬ 
ity  of  the  FMR1  region  causes  overproduction  of  mRNA  from  2 
to  8  times  greater  than  normal,  leading  to  toxic  effects  in  the 
neuron  [14],  In  addition,  some  premutation  carriers  can  have 
lowered  levels  of  FMRP  leading  to  more  significant  neurodeve¬ 
lopmental  disorders,  including  ID,  autism  spectrum  disorder 
(ASD)  and  sometimes  seizures.  Remarkably,  the  neurological 
and  neurodevelopmental  disorders  associated  with  the  premu¬ 
tation  have  incomplete  penetrance  and  variable  expression  so 
that  many  carriers  do  not  experience  these  problems. 

FXTAS  is  a  progressive  neurodegenerative  disorder  charac¬ 
terized  by  intention  tremor,  gait  ataxia,  white  matter  disease 
and  global  brain  atrophy  and  has  an  incidence  of  about  40% 
in  older  male  carriers  and  about  16%  of  older  female 
carriers  [io[.  FXPOI  is  attributed  as  the  most  common  cause  of 
early  menopause  and  affects  approximately  20%  of  carriers  [it]. 
Depression,  anxiety  or  both  are  present  in  roughly  40%  of 
carriers,  which  may  be  exacerbated  by  having  a  child  affected 
by  FXS;  however,  the  presence  of  these  psychiatric  problems 
often  occurs  prior  to  having  an  affected  child  [13,15-17].  Although 
treatment  options  for  carriers  are  also  under  consideration  and 
development,  targeted  treatments  have  been  produced  primar¬ 
ily  for  treatment  of  FXS  and  are  leading  the  way  for  targeted 
treatments  in  ASD,  autism  and  other  neurodevelopmental 
disorders. 
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Targeted  treatments  in  FXS 


2.  Neurobiology 

Over  the  past  two  decades,  the  molecular  research  has  led  to 
substantial  advances  in  understanding  the  neurobiology  of 
FXS  and  related  disorders.  FMRP  is  lowered  or  absent  in 
FXS  and  is  a  selective  RNA-binding  protein,  which  regulates 
the  translation  of  hundreds  of  mRNAs  usually  through 
inhibition  [18]  and  is  highly  expressed  in  the  brain  (neurons) 
and  testis.  It  is  estimated  that  FMRP  binds  about  4%  of  all 
neurons  RNAs  and  interacts  with  many  other  proteins  in 
the  brain  [19-21],  Therefore,  FMRP  is  a  major  regulator  of 
translation  and  not  surprisingly  plays  a  role  in  multiple 
neurodevelopmental  and  neuropsychiatric  disorders  [22]. 

FMRP  contains  three  main  RNA-binding  domains;  two 
hnRNP  K-homology  (KH)  domains  and  one  RGG  box.  In 
addition,  a  stem  loop  SoSLIP  motif  and  U-rich  sequences 
have  been  proposed  to  be  RNA-binding  sites.  The  I304N 
point  mutation,  which  is  located  within  the  second  KH 
domain,  causes  severe  FXS  and  suggests  that  this  domain 
plays  an  essential  role  in  the  FMRP  function.  FMRP  mainly 
regulates  RNA  transportation,  stabilization  and  translation. 
In  vitro  FMRP  is  part  of  messenger  ribonucleoparticles  and 
regulates  dendritic  transport  of  associated  mRNAs,  which 
result  in  the  production  of  protein  synthesis  at  the  synapse  [is]. 
In  addition,  FMRP  interacts  with  several  cytoplasmic  and 
nuclear  proteins  and  has  been  found  in  granules  containing 
translationally  silent  preinitiation  complexes. 

Protein  synthesis  in  the  soma,  axons,  dendrites  and  post- 
synaptic  sites  of  the  brain  is  required  for  long-term  depression 
(LTD),  a  form  of  hippocampal  synaptic  plasticity,  which 
consolidates  synaptic  activity.  Local  neuronal  protein  synthe¬ 
sis  promotes  synaptic  plasticity  activation,  as  well  as  the 
activation  of  different  synaptic  plasticity  states,  and  it  is  coor¬ 
dinated  by  the  action  of  mGluRs  [23].  In  the  Fmrl  knockout 
(KO)  mice,  LTD  is  significantly  increased  [18[.  This  effect 
on  LTD  is  likely  due  to  dysregulated  local  protein  synthesis 
and  has  established  the  basis  of  the  ‘mGluR  theory’  [24].  The 
mGluR  theory  of  FXS  suggests  that  the  psychiatric  and  neuro¬ 
logic  aspects  of  the  syndrome  are  due  to  exaggerated  down¬ 
stream  consequences  of  mGluR5  upregulation  and  was 
validated  by  genetic  mouse  studies  where  rescue  of  several 
symptoms  occurred  when  the  mGluR  heterozygous  mouse 
was  crossed  with  the  Fmrl  KO  mouse  [25].  The  Fmrl  KO 
also  shows  excess  protein  translation  in  the  hippocampus 
and  an  excessive  number  of  synaptic  proteins  [26],  Addition¬ 
ally,  FMRP  binds  and  represses  the  catalytic  subunit  of 
phosphoinositide  3-kinase,  a  signaling  molecule  downstream 
of  the  activation  of  mGluR5  [27].  The  p70  ribosomal 
S6  kinase  1  (S6K1)  is  involved  in  the  translation  initiation 
and  elongation  of  proteins  and  is  also  a  signaling  molecule 
downstream  of  mGluR5  activation  as  well  as  a  common  mod¬ 
ulator  of  both  the  mammalian  target  of  rapamycin  (mTOR) 
Cl  and  extracellular  signal- regulated  kinases  (ERK)  signaling. 
Fmrl  KO  mice  were  crossed  with  mice  globally  lacking  S6K1 , 


S6K1  KO,  and  the  resultant  TW//S6K1KO  (dKO)  mice 
showed  decreased  protein  synthesis,  decreased  mGlur5- 
dependant  LTD,  decreased  weight  gain  and  lower  testicular 
volume.  Of  note,  testicular  volume  was  not  rescued  in  the 
FMR1I mGlur5  KO  mice.  The  deletion  of  the  S6K1  gene  in 
the  dKO  also  prevented  immature  dendritic  spine  morphol¬ 
ogy  and  multiple  behavioral  phenotypes,  including  social 
interaction  deficits,  impaired  novel  object  recognition  and 
behavioral  inflexibility  that  is  typical  of  FXS.  The  dKO 
mice  were  particularly  proficient  at  reversal  learning  (the 
strongest  deficit  in  the  FMR1  KO  mouse),  but  they  continue 
to  have  hyperactive  traits  [28], 

The  main  inhibitory  system  in  the  brain  is  GABA.  There  are 
two  classes  of  GABA  receptors:  GABAa  and  GABAb.  GABAa 
receptors  are  ligand-gated  ion  channels,  whereas  GABAb  recep¬ 
tors  are  G-protein-coupled  receptors.  GABAa  receptors  allow 
the  flow  of  chloride  ions  across  the  membrane,  which  hyperpo- 
larizes  the  neuron’s  membrane  and  minimizes  the  effect  of  any 
coincident  synaptic  input.  GABAb  receptors  hyperpolarized 
the  neuron’s  membrane  by  activating  G-protein-coupled 
inwardly  rectifying  potassium  channels  [29].  The  GABA  recep¬ 
tors  are  very  diverse  in  their  subunit  composition  and  their 
effects  are  fast  and  slow  persistent-tonic  inhibition  depending 
on  the  grade  of  stimulation  [30], 

The  GABA  system  is  required  for  a  balanced  neuronal 
activation  and  network  oscillations  and  for  facilitating  the 
movement  of  information  in  brain  areas  involved  in  cognition 
[31-33].  An  imbalance  between  the  excitatory  glutamatergic  and 
the  inhibitory  GABAergic  neurotransmission  is  proposed  to 
cause  the  cognitive  impairments,  anxiety,  hyperarousal,  autism 
and  epilepsy  [34-37].  In  fact,  the  excessive  amygdala  activation 
is  implicated  in  the  social  avoidance  and  anxiety  evident  in 
FXS  [38],  Recent  studies  aim  at  identifying  the  defects  in  the 
inhibitory  GABA  system  in  the  Fmrl  KO  mouse.  FMRP  targets 
the  mRNAs  encoding  eight  different  GABAa  receptor  subunits 
(oil,  a3,  0c4,  pi,  p2,  yl,  y2  and  8),  which  were  significantly 
reduced  in  the  cortex  of  Fmrl  KO  mice,  particularly  the  8  sub¬ 
unit,  which  represents  extrasynaptic  (perisynaptic)  GABAa 
receptors  [39].  The  Fmrl  KO  mouse  exhibits  reduced  inhibitory 
postsynaptic  currents  in  the  amygdala  [40]  and  subicular  neu¬ 
rons  [4i].  Proteins  required  for  GABA  transport  and  catabolism 
(GABA-T,  SSADH)  are  also  reduced  [42,43].  In  addition,  FMRP 
in  the  presynaptic  side  regulates  the  expression  of  GAD,  which 
is  the  rate-limiting  GABA  synthesis  enzyme  [40,42,44],  Therefore, 
FMRP  regulates  the  expression  of  the  GABA  receptors,  metab¬ 
olism  and  catabolism  of  GABA,  and  in  its  absence  there  is 
decreased  GABAergic  input. 

3.  Targeted  treatments 

Discovery  of  the  mGluR5  and  GABA  impairment  in  FXS  has 
led  to  an  array  of  targeted  treatments  focused  on  regulating 
these  neural  pathways  that  are  disrupted  because  of  FMRP 
deficiency.  While  this  article  will  discuss  multiple  targeted 
treatments,  two  in  particular  have  been  developed  specifically 
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Figure  1.  Illustration  of  mavoglurant;  AFQ056. 

Adapted  from  [93], 


H 


Cl 


Figure  2.  Illustration  of  arbaclofen. 

Adapted  from  [94], 


Figure  3.  Illustration  of  ganaxolone. 

Adapted  from  [95], 


for  FXS  and  as  such  are  designated  as  orphan  drugs.  The 
discussion  of  targeted  treatments  would  not  be  complete 
without  the  addition  of  other  medications,  which  work  on 
similarly  impaired  pathways.  The  two  orphan  medications 
include  mGluR5  antagonists  (Figure  1)  and  GABA  agonists 
(Figures  2  and  3). 

Currently,  there  are  animal  models  of  FXS  that  include  the 
Fmrl- KO  mouse  and  the  Drosophila  melanogaster  Fmrl 
(, dfrnrl ).  Both  animals  display  phenotypic  abnormalities, 
which  are  partially  or  seemingly  fully  reversed  with  targeted 
treatments.  The  Fmrl  KO  mouse  displays  enlarged  testes, 
increased  locomotor  activity,  reduced  habituation  to  an 
open  field,  increased  susceptibility  to  audiogenic  seizures, 
altered  synaptic  plasticity,  dendritic  spine  abnormalities, 
hyperplasticity,  behavioral  inflexibility  in  reverse  learning 
and  deficits  in  memory  retention  and  acquisition  [45-48],  There 
are  a  few  different  FXS  mouse  models,  which  display  certain 
phenotypes  in  ranging  magnitudes,  but  overall  most  present 
with  perseverative  behavior,  audiogenic  seizures,  reduced  anx¬ 
iety  and  startle  reflexes  relative  to  wild-type  controls  [49],  Due 
to  these  phenotypic  similarities  with  humans,  the  mouse 
models  function  well  for  gauging  treatment  response.  The 
Drosophila  mutant  model  has  an  Fmrl  gene  called  dfrml , 
which  is  35%  identical  and  60%  similar  to  the  human  Fmrl 
gene  and  establishes  not  only  a  model  to  study  the  biological 
dysregulation  in  FXS  but  also  a  viable  organism  on  which  an 
array  of  targeted  treatments  could  be  tested.  The  Drosophila 
mutant  model  presents  with  altered  circadian  rhythm,  abnor¬ 
mal  synaptic  morphology,  na'ive  courtship  behavior  [50], 
cognitive  deficits  in  social  and  memory  paradigms  and  exces¬ 
sive  grooming  behavior  [51].  In  summary,  both  animals  have 
provided  sound  models  for  testing  the  safety  and  efficacy  of 
new  targeted  treatments  for  humans  [46], 

4.  mGluR5  antagonists 

4.1  Animal  studies 

Despite  their  orphan  status,  mGluR5  antagonists  already 
include  an  assortment  of  compounds  under  study  owing 
to  the  importance  of  this  pathway.  Numerous  mouse  studies 
demonstrated  phenotypic  rescue  of  features  seen  in  the 
Fmrl  KO  mouse  and  are  summarized  in  Table  1.  2-methyl  - 
6-phenylethynyl  pyridine  hydrochloride  (MPEP),  2-chloro- 
4-((2,5-dimethyl-I-(4-(trifluoromethoxy)phenyl)-l//-imida- 
zol-4-yl)ethynyl) pyridine  (CTEP),  fenobam  (Neuropharm 
Ltd),  AFQ056  (Mavoglurant;  Novartis  Pharmaceuticals), 
R049I7523  (RG7090;  Hoffman-La  Roche)  and  STX107 
(Seaside  Therapeutics)  are  the  main  compounds  under 
study;  however,  Neuropharm  and  Seaside  Therapeutics 
have  closed,  thereby  discontinuing  their  studies  of  FXS, 
decreasing  the  pool  of  possible  treatments. 

Numerous  compounds  have  been  tested  in  Fmrl- KO 
mouse  and  dfrnrl  FXS  animal  models.  Drosophila  studies 
have  been  summarized  by  McBride  et  al.  [51],  and  they  dem¬ 
onstrate  phenotypic  rescue  of  neuronal  anatomy,  behavior 
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Table  1.  Targeted  treatment  trials  for  fragile  X  syndrome. 


Compound 

Fly  phenotypes 

Mouse  phenotypes  reversed 

Human  studies-completed. 

reversed 

active,  and  planned 

MPEP 

Mushroom  body 

Sensitivity  to  audiogenic  seizures; 

(mGluR5  antagonist) 

formation;  abnormal 

open-field  hyperactivity  [55]; 

male  courtship 

PPI  defect;  neuronal  protrusion 

behavior;  memory 

morphology  [56];  prolonged 

defects  [54] 

epileptiform  synchronized 
discharges  [57];  and  low  inhibitory 
serine-phosphorylation  of  brain 

GSK3  [58] 

Fenobam 

PPI  defect;  neuronal  protrusion 

PPI  improved  and  anxiety 

(mGluR5  antagonist) 

morphology  [56] 

reduced  [65],  but  company  went 
bankrupt 

CTEP 

Elevated  hippocampal  long-term 

(mGluR5  antagonist) 

depression;  protein  synthesis; 
audiogenic  seizures;  cognitive 
deficits;  auditory  hypersensitivity; 
aberrant  dendritic  spine  density; 
overactive  ERK  and  mTOR  signaling; 
and  partially  corrects 
macroorchidism  [64] 

AFQ056  (mavoglurant; 

ABC-C  and  CGI  improvement  for 

mGluR5  antagonist) 

fully  methylated  patients  [66], 

Phase  MB  completed  for  adults  and 
adolescents,  and  results  are 
pending;  future  studies  planned  for 
pediatric  age  group  and  literacy 
intervention  with  double-blind 

AFQ056  treatment 

R0491 7523  (RG7090; 

Active  Phase  II  study  in  adults 

mGluR5  antagonist) 

completed;  active  Phase  II  study  in 
adolescents  and  pediatric  patients 

STX107 

Completed  Phase  1  safety  testing, 

(mGluR5  antagonist) 
Ganaxolone  (GABAa 

Sensitivity  to  audiogenic 

but  company  dissolved 

agonist) 

seizures  [72] 

STX  209  (Arbaclofen; 

Excessive  mRNA  translation  in  the 

VAS,  Vineland-ll  socialization 

GABAb  agonist) 

cortex;  increased  dendritic  spine 

improvement,  and  ABC-social 

density;  and  elevated  AMPA 
receptor  internalization  [69] 

avoidance  improvement  [70] 

Lovastatin 

Excessive  hippocampal  protein 

Double-blind  study  planned  for 

(HMG-CoA  reductase 

synthesis  and  epileptogenesis  [87] 

2015 

inhibitor) 

Minocycline 

Neuroanatomical 

Abnormal  dendritic  spine 

Double-blind  crossover:  ERP 

(tetracycline  antibiotic) 

defects  [52] 

morphology;  increased  anxiety  in 

showed  temporal  N1  and 

the  elevated  plus  maze;  decreased 

P2  amplitudes  reduced; 

exploratory  behavior  in  the  Y 

electrocortical  habituation  improved 

maze  [75];  overexpression  of 

for  auditory  stimuli  [91];  greater 

MMP9  [90];  and  vocalization 

global  improvements  [80]; 

deficits  [77] 

open-label  behavioral  and  language 
improvements  [78];  open-label 

ABC-C  irritability,  VAS  and  CGI 
improvement  [79] 

ABC-C:  Aberrant  Behavior  Checklist-Community  edition;  BDNF: 

Brain-derived  neurotrophic  factor;  CGI:  Clinical  global  improvement  scale;  CTEP:  2-chloro- 

4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1f/-imidazol-4-yl)ethynyl)pyridine;  ERK:  Extracellular  signal-regulated  kinases;  ERP:  Event-related  potential; 
mGluR:  Metabotropic  glutamate  receptor;  MPEP:  Methyl-6-phenylethynyl  pyridine  hydrochloride;  mTOR:  Mammalian  target  of  rapamycin;  PPI:  Prepulse  inhibition; 

VAS:  Visual  analog  scale. 
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Table  1.  Targeted  treatment  trials  for  fragile  X  syndrome  (continued). 


Compound 

Fly  phenotypes 
reversed 

Mouse  phenotypes  reversed 

Human  studies-completed, 
active,  and  planned 

CX516  (AMPA  receptor 
positive  allosteric 
modulator) 

Lithium 

Decreased  inhibitory  serine- 

CX516  Double-blind:  no  significant 
improvements  [98] 

Open-label:  ABC-C  irritability  trend 

Acamprosate 

phosphorylation  of  GSK3; 
decreased  hippocampal  BDNF; 
open-field  hyperactivity;  elevated 
plus-maze;  passive  avoidance  [58]; 
hyperactivity;  impaired  social 
interactions;  deficits  on  a  learning 
test;  anxiety;  abnormal  dendritic 
spine  morphology  [82] 

toward  improvement;  significant 
improvement  on  total  ABC-C,  CGI, 
VAS  and  RBANS  [84] 

Open-label:  9  of  12  patients 
showed  improved  social  behavior 
and  reduced  inattention/ 
hyperactivity  [74] 

ABC-C:  Aberrant  Behavior  Checklist-Community  edition;  BDNF:  Brain-derived  neurotrophic  factor;  CGI:  Clinical  global  improvement  scale;  CTEP:  2-chloro- 
4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine;  ERK:  Extracellular  signal-regulated  kinases;  ERP:  Event-related  potential; 
mGluR:  Metabotropic  glutamate  receptor;  MPEP:  Methyl-6-phenylethynyl  pyridine  hydrochloride;  mTOR:  Mammalian  target  of  rapamycin;  PPI:  Prepulse  inhibition; 
VAS:  Visual  analog  scale. 


and  cognition  [51].  MPEP,  the  first  potent  negative  allosteric 
modulator  of  mGluR,  reversed  mushroom  body  crossover, 
peripheral  synaptic  defects  seen  as  overelaboration  of  the  neu¬ 
romuscular  junction  in  larvae,  neuro transmitter-containing 
vesicle  defects,  such  as  elevated  presynaptic  vesicle  pools, 
socially  impaired  naive  courtship,  learning  decline  and  both 
short-  and  long-term  memory  deficits  [51-54], 

MPEP  administration  in  mouse  models  has  further  shown 
significant  rescue  in  a  range  of  phenotypic  markers  of  FXS: 
correction  of  sensitivity  to  audiogenic  seizures,  open  field 
hyperactivity  [55],  increased  prepulse  inhibition  (PPI),  neuro¬ 
nal  protrusion  morphology  [56],  prolonged  epileptiform  syn¬ 
chronized  discharges  [57]  and  low  inhibitory  serine- 
phosphorylation  of  brain  GSK3  [58].  In  vivo  MPEP  increased 
mRNA  granule  content,  which  is  decreased  in  the  Fmrl  KO 
mouse  [59].  Excessive  AMPA  receptor  internalization  in 
FMRP-deficient  cultured  neurons  was  rescued  in  vitro  by 
MPEP  administration  [60],  Hippocampal  slices  showed  nor¬ 
malization  to  wild-type  values  after  2  weeks  of  development, 
but  not  at  1  week  or  8  -  10  weeks,  thus  emphasizing  a  possible 
importance  on  the  timing  effects  of  mGluR5  treatment  [61] . 
Although  MPEP  does  show  significant  reversal  of  phenotypic 
features  of  FXS,  it  is  not  mGluR5-specific  and  can  inhibit  the 
NMDA  receptors  at  high  concentrations  [62]  and  is  also  toxic 
to  humans.  AFQ056  (mavoglurant)  is  a  selective  mGluR5 
antagonist  which  reversed  the  inhibited  startle  response  after 
prepulse  and  shortened  elongated  hippocampal  neuronal 
spines  in  the  mouse  model  of  FXS  [63]. 

Another  compound  demonstrating  the  efficacy  in  the 
mouse  model  is  a  novel,  long-acting  mGluR5  antagonist 


CTEP.  Acute  treatment  normalized  elevated  hippocampal 
LTD,  protein  synthesis  and  susceptibility  to  audiogenic  seiz¬ 
ures,  whereas  chronic  treatment  with  CTEP  rescued  cognitive 
deficits,  auditory  hypersensitivity,  aberrant  dendritic  spine 
density,  overactive  ERK  and  mTOR  signaling  and  is  the  first 
compound  to  partially  correct  macroorchidism  [64], 

4.2  Clinical  studies 

Although  many  studies  assessing  safety  and  efficacy  of 
mGluR5  antagonists  are  currently  active  with  pending  results, 
some  preliminary  studies  showed  positive  changes  after  treat¬ 
ment  with  such  compounds.  Fenobam  was  administered  in  a 
single-dose  trial  to  12  adults  with  FXS,  who  showed  a  20% 
improvement  in  PPI  and  anecdotal  reports  of  decreased  anxi¬ 
ety  [65].  Unfortunately,  Neuropharm  was  unable  to  continue 
development  due  to  financial  constraints  and  an  unsuccessful 
study  of  long-acting  fluoxetine  in  ASD. 

Although  a  randomized,  double-blind,  two-treatment, 
two-period,  crossover  study  of  AFQ056  in  30  males  (18  - 
35  years)  [66]  did  not  demonstrate  significant  treatment  effects 
on  the  primary  outcome  measure,  the  Aberrant  Behavior 
Checklist  (ABC-C),  an  exploratory  analysis  showed  that  seven 
patients  with  full  FMR1  methylation  and  no  detectable 
mRNA  improved  significantly  on  the  ABC-C  compared  to 
placebo  [66],  Eighteen  patients  with  partial  methylation  did 
not  show  significant  improvement  on  the  medication.  Over¬ 
all,  AFQ056  was  well  tolerated  with  mild-to-moderate  side 
effects  of  fatigue  and  headache  most  commonly  reported  [66], 
Larger,  double-blind,  placebo-controlled  studies  were  com¬ 
pleted  during  fall  2013  for  adults  (www.clinicalTrials.gov; 
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NCT01253629)  and  February  2014  for  adolescents  (NCTO 
1357239),  with  results  pending.  Novartis  is  planning  future 
studies  for  assessing  the  safety  and  efficacy  in  the  pediatric 
population  as  well  as  a  double-blind,  placebo-controlled  study 
of  AFQ056  given  in  combination  with  a  literacy  intervention. 
Both  the  adult  and  adolescent  studies  are  continuing 
with  open-label  extension  studies  (NCT01348087  and 
NCT01433354). 

Studies  assessing  safety  and  efficacy  of  the  mGluR5 
antagonist  R04917523  (RG7090;  Hoffman-La  Roche)  have 
been  completed  for  adults  and  are  currently  active  in  children 
and  adolescents  (NCT01517698  and  NCT01750957). 
Results  are  pending  from  the  adult  studies  and  open-label 
extension  studies  would  be  useful  in  assessing  long-term 
benefits  and  safety.  Seaside  Therapeutics  developed  another 
mGluR5  antagonist,  STX107,  which  has  been  successful  in 
animal  studies  but  will  not  be  studied  in  patients  with  FXS 
due  to  resource  limitations  that  forced  the  company  to  close. 

5.  GABA  agonists 

5.1  Animal  studies 

Since  excess  glutamate  in  the  diet  of  the  Drosophila  mutant 
creates  a  toxic  effect,  the  lethality  of  the  Fmrl  mutant 
provides  an  easily  scored  phenotype  to  address  response  to 
2000  compounds  [67].  Nine  molecules  considerably  decreased 
the  lethality  and  three  of  the  nine  compounds  acted  on 
GABAergic  inhibitory  pathways  and  rescued  mushroom 
body  defects,  excess  Futsch  translation  and  abnormal  male 
courtship  behavior  [67].  GABA  dysregulation  is  another 
prominent  system  that  is  impaired  in  FXS  and  as  such  has 
strong  implications  for  targeted  treatment  development  to 
regulate  inhibitory  signaling  and  the  affected  pathways 
downstream. 

The  imbalance  between  excitation  and  inhibition  is  a  key 
phenotypic  feature  of  FXS  and  is  considered  the  focus  of 
both  types  of  orphan  medications.  Whereas  the  mGluR5 
antagonists’  work  to  downregulate  the  overactive  group  1 
mGluR  systems,  the  GABA  agonists  function  to  activate 
GABA  transmission.  GABAergic  compounds  have  shown 
therapeutic  efficacy  in  symptoms  of  FXS,  specifically  in 
riluzole,  a  medication  approved  for  treating  amyotrophic 
lateral  sclerosis,  as  well  as  tiagabine  and  vigabatrin,  which 
are  FDA-approved  treatments  for  epilepsy  [68],  Arbaclofen, 
separate  from  previous  GABAergic  medications,  focuses  on 
the  GABAb  receptors  and  is  an  agonist  and  active  enantiomer 
of  racemic  baclofen. 

By  upregulating  the  GABA  system,  the  excessive  activation 
in  FXS  can  be  downregulated  via  GABAergic  medications, 
such  as  GABA  agonists.  Arbaclofen  (STX209,  R-baclofen)  is 
a  GABAb  receptor  agonist,  which  presynaptically  lowers 
glutamate  release,  thereby  lowering  mGluR5  activation 
postsynaptically. 

In  the  Fmrl  KO  mice,  arbaclofen  reduced  the  excessive 
upregulation  of  proteins  resulting  from  the  loss  of  FMRP 


that  normally  inhibited  translation  of  many  proteins 
that  were  important  for  the  increased  spine  density  of 
neurons  and  increased  AMPA  receptor  internalization  in 
FXS.  Arbaclofen  also  reduced  susceptibility  to  audiogenic 
seizures  [69], 

5.2  Clinical  studies 

Arbaclofen  has  been  administered  in  multiple  studies  that 
assessed  the  safety  and  efficacy  in  pediatric,  adolescent  and 
adult  patients  with  FXS.  The  first  randomized,  double-blind, 
placebo-controlled,  crossover  study  with  arbaclofen  showed 
positive  trends  on  the  visual  analog  scale  (VAS)  and  the 
Clinical  Global  Improvement  Scale  (CGI-I)  but  not  on  the 
primary  outcome  measure,  the  ABC-irritability  subscale  [70]. 
Under  the  modified  scoring  algorithm  validated  for  FXS  [71], 
the  ABC-social  avoidance  subscale  showed  full  study  popula¬ 
tion  improvement.  Additionally,  a  subset  of  patients  with 
significant  social  deficits  showed  improvement  on  all  global 
measures  and  the  Vineland’s  socialization  subscale.  There 
were  few  reported  side  effects  with  sedation  and  headache 
being  the  most  common,  so  overall  arbaclofen  is  a  well- 
tolerated  medication  [70],  Unfortunately,  limited  resources  pre¬ 
vented  Seaside  Therapeutics  from  continuing  their  open-label 
studies  and  the  company  was  closed. 

6.  Additional  targeted  treatments 

Despite  the  discontinuation  of  arbaclofen,  there  is  still  hope 
for  more  specific  GABA  agonists  for  FXS  and  other  targeted 
treatments.  Another  medication  developed  specifically  as  an 
anticonvulsant  may  prove  successful  to  target  the  GABAa  sys¬ 
tem,  which  is  most  impaired  in  FXS  [39,44];  Ganaxolone  (3a- 
hydroxy-3B-methyl  analog  of  allopregnanolone)  is  an  orally 
active  GABAa  receptor  agonist  that  lacks  hormonal  side 
effects.  In  the  Fmrl  KO  mouse,  ganaxolone  decreased  suscep¬ 
tibility  to  audiogenic  seizures  [72]  and  learning  deficits  may  be 
improved  through  chronic  activation  of  GABAa  receptors  [73]. 
A  randomized,  Phase  II,  double-blind,  placebo-controlled, 
crossover  trial  for  investigating  the  safety  and  efficacy  of 
ganaxolone  for  the  treatment  of  anxiety  and  attention  deficits 
in  children  aged  6-17  years  with  FXS  is  currently  under 
study  (NCT01725152). 

Another  medication  implicated  in  stabilizing  inhibitory 
response  of  GABAa  receptors  and  downstream  inhibitory 
effects  on  the  group  1  mGluRs  is  acamprosate,  which  is 
approved  for  treatment  of  alcohol  withdrawal.  In  a  small 
open-label  study,  9  out  of  12  patients  between  6  and  17  years 
of  age  showed  social  behavior  improvements  and  reduction  in 
inattention/hyperactivity.  A  measured  increase  in  brain- 
derived  neurotrophic  factor  (BDNF)  also  suggests  a  useful 
pharmacodynamic  marker  for  future  acamprosate  studies  [74], 
Randomized,  double-blind,  placebo-controlled  studies  are 
needed. 

One  pharmaceutical  that  has  undergone  considerable  testing 
in  animal  models  and  humans  is  minocycline  (Figure  4),  which 
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Figure  4.  illustration  of  minocycline. 

Adapted  from  [96], 


Figure  5.  Illustration  of  lovastatin. 

Adapted  from  [97], 

is  a  semisynthetic  tetracycline  derivative  antibiotic  that  is  com¬ 
monly  used  in  treating  various  conditions,  including  Rocky 
Mountain  Spotted  Fever  and  acne.  Dendritic  spine  morphol¬ 
ogy  in  Fmrl  KO  mice  normalized,  anxiety  improved  on  the 
elevated  plus  maze  and  strategic  exploratory  behavior  on  the 
Y  maze  increased  after  treatment  with  minocycline  [75].  Elevated 
MMP9  levels  in  the  Fmrl  KO  mouse  compared  to  wild-type 
were  lowered  after  administration  with  minocycline  [75]. 

MMP9  is  an  extracellular  endopeptidase  protein  important 
for  the  development  of  synaptic  connections  and  plasticity  of 
the  hippocampus  [76],  In  the  Drosophila  FXS  model,  tissue 
inhibitor  of  metalloproteinase,  the  only  tissue  inhibitor  of 
MMPs,  prevented  synaptic  defects,  and  minocycline  treat¬ 
ment  normalized  dendritic  spine  morphology  [52],  In  the 
Fmrl  KO  mouse,  minocycline  administration  decreased 
ultrasonic  vocalizations  during  mating  [77].  In  50  children 
treated  with  minocycline,  70%  of  families  noted  anecdotal 
improvement  in  language,  attention  and/or  social  interac¬ 
tions;  however  one-third  of  the  patients  experienced  side 
effects  [78],  An  open-label  study  of  minocycline  in  20  boys 


with  FXS  showed  improvement  on  the  Vineland’s  scale  and 
ABC-C  and  also  found  the  medication  to  be  well  tolerated 
with  the  exception  of  two  children  who  developed  a  positive 
antinuclear  antibody  (ANA)  test  [79].  A  randomized,  double¬ 
blind,  placebo-controlled,  crossover  trial  of  minocycline  in 
children  with  FXS,  demonstrated  significantly  greater 
improvement  with  minocycline  compared  to  placebo  in  the 
primary  outcome,  CGI-I  and  greater  improvement  in  an  ad 
hoc  analysis  of  anxiety  and  mood-related  behaviors  on  the 
VAS.  Side  effects  were  not  significantly  different  during  the 
minocycline  and  placebo  treatment  periods  [80], 

Lithium  is  another  FDA  approved  medication  for  bipolar 
disorder  that  is  often  used  in  treating  mood  instability  in 
FXS.  In  FXS,  lithium  decreases  the  excess  of  protein  synthesis, 
and  treatment  with  lithium  in  the  Drosophila  model  of  FXS 
rescues  courtship,  mushroom  body  defects,  memory 
defects  [54]  and  prevents  age-dependent  cognitive  decline  [81], 
In  the  Fmrl  KO  mouse,  lithium  ameliorated  hyperactivity, 
reversed  socialization  and  learning  deficits,  normalized  gener¬ 
alized  anxiety  and  abnormal  dendritic  spine  morphology  [82], 
and  reversed  cognitive  impairments  in  adolescent  and  adult 
mice  [83].  An  open-label  trial  of  lithium  in  FXS  showed 
significant  improvements  on  the  ABC-C  total  score,  ABC 
subscores  and  the  Vineland’s  adaptive  behavior  scale  (VABS) 
maladaptive  behavior  subscore  [84], 

Although  minocycline,  lithium  and  lovastatin  were  not 
developed  strictly  for  FXS,  they  are  available  clinically  and 
may  be  prescribed  by  a  patient’s  physician  unlike  the  GABA 
agonists  and  mGluR5  antagonists.  Numerous  studies  demon¬ 
strate  potential  benefit  for  patients  with  FXS  who  were  treated 
with  minocycline,  and  in  general  it  is  well  tolerated,  but  side 
effects  include  GI  upset,  loose  stools,  skin  sensitivity  to  the 
sun,  possible  darkening  of  the  skin,  gums  or  nails  with 
prolonged  use,  rare  severe  headaches  secondary  to  pseudotu¬ 
mor  cerebri  and  a  rare  lupus  like  syndrome  [78],  Graying  of 
permanent  teeth  is  also  possible  before  permanent  teeth  have 
emerged  so  it  is  not  FDA-approved  for  children  <  8  years  of 
age,  although  its  use  in  FXS  could  be  begun  before  this  age 
with  consent  of  the  family  so  they  are  aware  of  the  side  effects. 
Since  minocycline  is  an  antibiotic,  it  will  also  change  the  gut 
flora,  so  probiotic  treatment  is  recommended  in  combination 
along  with  ANA  testing  every  6  months. 

Lovastatin  (Figure  5),  which  is  approved  for  hyperlipidemia 
in  children  and  adults,  has  the  highest  transcellular  permeabil¬ 
ity  coefficient  of  statins.  In  mice  with  Nfl+/~  mutation,  lova¬ 
statin  improved  memory  and  long-term  potentiation  deficits 
without  significant  side  effects  [85].  Lovastatin  is  biologically 
relevant  to  FXS,  since  it  acts  on  reducing  the  activation  of 
guanosine  triphosphatase  Ras,  leading  to  the  activation  of 
ERK1/2,  which  is  a  signaling  molecule  downstream  of  the 
mGluRs  [27].  In  the  Fmrl  KO  mice,  lovastatin  decreased 
excessive  protein  production  [86],  blocked  the  induction  of 
mGluR-mediated  epileptiform  activity  in  hippocampal  slices, 
lowered  seizures  and  corrected  hyperexcitability  in  the  visual 
cortex  [87]. 
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We  have  utilized  lovastatin  clinically  in  five  children  with 
FXS  and  have  seen  enhanced  language  responses.  An  1 1-year- 
old  boy  with  autism  and  FXS  who  was  started  on  20  mg/day 
of  lovastatin  was  reported  to  have  ‘come  out  of  the  fog’,  started 
verbalizing  more  with  new  phrases  and  words,  as  well  as 
improved  his  eye  contact  and  overall  behavior.  There  were 
no  side  effects  and  his  cholesterol  and  other  laboratory  studies 
remained  normal.  A  randomized,  double-blind,  placebo- 
controlled  study  assessing  the  efficacy  of  lovastatin  treated  in 
combination  with  a  behavioral  intervention  called  the  Parent- 
Implemented  Language  Intervention  will  begin  in  2015. 

More  compounds  with  planned  studies  in  FXS  include 
NNZ-2566  (Neuren  Pharmaceuticals),  which  inhibits  neuro¬ 
inflammation,  normalizes  microglia  and  corrects  deficits  in 
synaptic  function  [88]  and  metadoxine  extended  release 
(MG01CI;  Alcobra  Pharma),  which  has  shown  efficacy  in 
treating  ADHD  [89].  NNZ-2566  is  already  under  study  in 
moderate-to-severe  traumatic  brain  injury  and  Rett  Syndrome 
with  planned  studies  for  FXS  (NCT01894958).  MG01CI  is 
an  ion-pair  salt  of  pyridoxine  (vitamin  B6)  and  2-pyrrolidone- 
5-carboxylate,  which  has  dependent  enzymes  involved  in  the 
biosynthesis  of  serotonin,  epinephrine,  norepinephrine  and 
GABA.  It  recently  received  orphan  drug  designation  for  the 
treatment  of  FXS,  so  studies  are  planned  for  2014. 

7.  Expert  opinion 

The  efficacy  of  reversing  FXS-related  phenotypes  in  animal 
models  provides  a  promising  platform  for  treatment  in 
humans;  however,  the  age  sensitivity  of  treatment  should  not 
be  ignored.  Although  studies  do  show  efficacy  of  treatment 
in  adult  fly  and  mouse  models,  most  treatments  are  age- 
dependent  and  can  act  more  preventatively  than  correctively. 
That  being  said,  the  clinical  studies  have  all  started  in  adults, 
slowly  going  down  to  adolescents  and  then  children,  yet  the 
capabilities  of  reversing  the  phenotype  in  fully  developed 
brains  will  be  far  more  challenging  than  preventing  the  pheno¬ 
type,  so  the  most  robust  efficacy  is  likely  to  be  seen  in  the 
youngest  patients.  Due  to  the  approval  method  for  new  drugs, 
studies  must  start  assessing  efficacy  in  adults,  who  are,  unfortu¬ 
nately,  more  likely  to  show  a  more  limited  response  than 
young  children. 

Outcome  measures,  above  all,  have  been  the  most  difficult 
component  of  determining  efficacy.  Since  most  patients 
involved  in  the  clinical  trials  are  patients  who  are  more 
severely  affected  and  therefore  have  the  most  room  for 
improvement,  their  treatment  response  is  measured  primarily 
by  caregiver  reports  such  as  the  ABC-C  edition,  social  respon¬ 
siveness  scale,  repetitive  behavior  scale,  VAS  and  VABS  as  well 
as  the  clinical  global  impression,  which  partially  feeds  off  of 
caregiver  report.  The  subjective  nature  of  these  outcome 
measures  creates  a  greater  demand  for  rigorous  training  of 
caregivers  regarding  how  to  complete  these  questionnaires  as 
well  as  a  strong  explanation  of  the  placebo  effect.  Caregivers 
of  patients  with  FXS  tend  to  be  knowledgeable  regarding 


the  current  literature  and  aware  of  the  potential  for  these  med¬ 
ications,  but  it  is  the  role  of  the  clinician  to  help  the  caregiver 
in  properly  differentiating  between  what  behaviors  may 
actually  be  changing  as  opposed  to  what  the  caregiver  thinks 
should  be  changed. 

The  large  uproar  from  families  with  children  who 
responded  well  to  arbaclofen  and  then  suffered  when  the 
drug  was  removed  as  the  company  closed  acknowledges  the 
difficulty  in  finding  successful  outcome  measures  to  assess 
efficacy.  Although  phenotypic  improvements  in  animal  mod¬ 
els  and  human  studies  suggest  the  benefit  and  continued  use 
of  arbaclofen,  more  robust  outcome  measures,  potential  bio¬ 
markers  and  more  adequate  resources  are  needed  to  demon¬ 
strate  significantly  positive  studies  for  submission  to  the 
FDA.  The  lack  of  effective  outcome  measures  may  hamper 
additional  targeted  treatment  studies  in  patients  with  FXS. 
Biomarkers  may  be  excellent  candidates  in  identifying  res¬ 
ponders  for  specific  treatments  and  susceptibility  to  side 
effects  for  FXS  and  other  neurodevelopmental  disorders. 
Since  improvements  can  be  subtler  and  occur  over  a  longer 
period  of  time,  many  caregivers  reported  more  improvements 
in  open-label  studies  than  during  the  short  double-blind 
period  and  some  caregivers  did  not  fully  realize  the  signifi¬ 
cance  of  the  treatment  until  they  discontinued  the  medication 
and  behavioral  problems  returned  with  increased  anxiety, 
which  further  advocates  the  necessity  of  a  comprehensive  anal¬ 
ysis  of  baseline  behaviors.  An  example  of  a  potential  bio¬ 
marker  is  the  elevated  level  of  MMP9  in  FXS,  and 
minocycline  treatment  has  been  shown  to  lower  the 
MMP9  levels  [90],  However,  further  studies  are  needed  to 
compare  the  lowering  of  this  biomarker  to  clinical  response 
measures.  An  excellent  example  of  an  outcome  measure  that 
reflects  the  changes  in  CNS  function  with  a  targeted  treat¬ 
ment  is  the  use  of  an  event-related  potential  oddball  paradigm 
and  habituation  paradigm  that  improved  with  minocycline 
treatment  [9i[. 

Based  on  anecdotal  reports  from  caregivers  in  the  clinical 
trials,  the  younger  the  participant  is,  the  more  robust  and 
quicker  the  treatment  seems  to  occur,  which  suggests  that 
younger  age  groups  are  needed  to  prove  efficacy  compared 
to  placebo.  Adult  studies  may  be  unlikely  to  prove  efficacy 
in  a  short,  double-blind  period  due  not  only  to  the  difficulty 
of  modifying  synaptic  connections  in  a  fully  developed  brain 
but  also  to  reduced  educational  stimulation  in  the  adult 
community.  These  medications  are  focusing  on  improving 
synaptic  plasticity  in  order  to  improve  behavioral  phenotypes, 
so  it  is  important  not  only  to  treat  with  the  medications  but 
also  to  offer  education  stimulation  and  reinforcement  to 
maximize  the  effect  of  the  medications. 

Biomarkers  in  treatment  responders  are  crucial  to  assess 
which  patients  will  most  likely  respond  or  be  susceptible  to 
side  effects.  Despite  the  same  FXS  diagnosis,  the  treatment 
response  varies  considerably  with  some  patients  responding 
very  well,  whereas  others  have  no  response  or  a  minimal 
response.  Once  effective  outcome  measures  can  be  used  in 
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correctly  evaluating  treatment  response,  then  researchers  will 
be  able  to  determine  efficacy  compared  to  placebo.  Anecdotal 
reports  from  caregivers  often  discuss  improvements  in  learn¬ 
ing  (including  reading),  language,  socialization  and 
independence,  so  the  AFQ056  study  planned  with  a  literacy 
intervention  may  be  illuminating  for  improvements  in  cogni¬ 
tion  and  learning.  Although  learning  improvements  and 
behavioral  improvements  directly  impact  each  other,  accu¬ 
rately  gauging  problematic  behaviors  requires  report  from  all 
caregivers  as  well  as  more  observational  measures,  whereas 
cognitive  improvements  over  a  longer  treatment  period  may 
be  easier  to  assess.  We  may  be  entering  an  age  when  ID  will 
be  reversed  in  the  future  which  is  an  exciting  endeavor. 

At  the  present  time,  these  orphan  drugs  do  have  the  poten¬ 
tial  to  help  in  treating  FXS,  but  they  are  by  no  means  a  cure 
and  caregivers  should  be  notified  of  that  expectation  before 
starting  so  their  review  of  behaviors  will  be  focused  more  on 
slowly  improving  behavior  rather  than  immediate  response 
and  reversal  of  phenotypes. 

Targeted  treatments  are  emerging  in  FXS  and  many  aspects 
of  the  molecular  dysfunction  associated  with  the  absence  of 
FMRP  are  also  seen  in  autism  [92],  The  reason  for  this  overlap 
is  the  fact  that  FMRP  regulates  the  translation  of  approxi¬ 
mately  30  -  50%  of  the  many  gene  messages  whose  mutations 
are  associated  with  ASDs  [21],  Therefore,  it  is  likely  that  the  tar¬ 
geted  treatments  for  FXS,  especially  the  mGluR5  antagonists 
and  the  GABA  agonists,  will  also  be  helpful  for  ASD  [32], 
Although  this  was  not  the  case  with  arbaclofen,  this  may  have 
to  do  with  the  heterogeneity  within  autism.  Biomarkers  that 
will  characterize  those  who  may  respond  best  to  a  GABA 
agonist  verses  an  mGluR5  antagonist  or  minocycline  will 
facilitate  these  new  targeted  treatment  studies  in  both  autism 
and  in  those  with  FXS.  Currently,  a  few  targeted  treatments 
can  be  prescribed  clinically,  including  lithium,  which  will 
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downregulate  the  mTOR  pathway  [84],  minocycline  [80]  and 
acamprosate  [74],  In  the  near  future  ganaxolone,  AFQ056  and 
R049 17523  will  hopefully  be  available  clinically  to  further 
improve  the  treatment  for  FXS.  However,  the  absence  or 
deficiency  of  FMRP  dysregulates  many  pathways  so  that  a 
combination  of  treatments  is  most  likely  to  provide  maximal 
improvement  in  patients  with  FXS  [37].  In  addition,  learning 
programs  for  improving  attention,  reading  and  other  academic 
areas  are  most  likely  to  demonstrate  improvement  when 
combined  with  a  targeted  treatment  that  will  enhance  synaptic 
connections. 
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CHAPTER  9 


Treatment  of  Fragile  X  Syndrome 
and  Fragile  X-associated  Disorders 

REYMUNDO  LOZANO,  EMMA  B.  HARE,  AND 
RANDI  JENSSEN  HAGERMAN 


INTRODUCTION 

Fragile  X  syndrome  (FXS)  and  fragile  X-associated  disorders  (FADs)  are 
all  related  to  mutations  in  the  fragile  X  mental  retardation  1  gene  ( FMR1 ) 
on  the  bottom  end  of  the  X  chromosome  at  Xq27.3  position.  In  the  nor¬ 
mal  range,  there  are  5  to  40  CGG  repeats  in  the  5’  untranslated  region  of 
FMR1.  In  carriers  of  the  premutation,  there  are  55  to  200  CGG  repeats, 
and  in  the  full  mutation  there  are  more  than  200  repeats  that  are  usu¬ 
ally  methylated.  In  the  full  mutation,  methylation  shuts  down  transcrip¬ 
tion,  and  the  lack  or  deficiency  of  the  FMR1  protein  (FMRP)  causes  FXS. 
The  premutation  leads  to  the  FADs  because  there  is  enhanced  transcrip¬ 
tion  leading  to  excessive  FMR1  mRNA  and  RNA  toxicity  (Tassone  et  al., 
2000;  Hagerman  &  Hagerman,  2013).  The  high  end  of  the  premutation 
can  lead  to  lowered  FMRP  levels  and  mild  symptoms  that  are  typical  in 
FXS  (Goodlin-Jones  et  al.,  2004).  The  RNA  toxicity,  however,  can  lead  to 
emotional  difficulties  in  childhood,  including  ADHD,  autism  spectrum  dis¬ 
orders  (ASD),  shyness,  and  social  anxiety  (Farzin  et  al.,  2006;  Chonchiaya 
et  al.,  2012).  These  problems  can  persist  into  adulthood,  although  depres¬ 
sion  and  anxiety  are  the  most  common  difficulties  of  adults  with  the 
premutation  and  normal  intellectual  abilities  (Bourgeois  et  al.,  2011; 
Hagerman  &  Hagerman  2013). 

The  premutation  is  the  most  common  genetic  cause  of  primary  ovar¬ 
ian  insufficiency  (FXPOI),  meaning  cessation  of  menses  before  age  40, 


and  approximately  20%  of  carriers  experience  this  problem  (Sullivan 
et  al.,  2011).  Approximately  54%  of  female  and  27%  of  male  premuta¬ 
tion  carriers  experience  migraine  headaches  (Au  et  al.,  2013);  the  major¬ 
ity  of  carriers  develop  hypertension  with  age  (Hamlin  et  al.,  2012);  and 
immune-mediated  problems  such  as  fibromyalgia  and  hypothyroidism  are 
common  in  women  who  are  carriers  (Winarni  et  al.,  2012a).  Neurological 
problems  are  seen  in  aging  premutation  carriers,  including  neuropa¬ 
thy,  tremor,  ataxia,  and  cognitive  decline,  all  symptoms  of  the  fragile 
X-associated  tremor  ataxia  syndrome  (FXTAS).  These  neurological  prob¬ 
lems  occur  in  approximately  40%  of  male  carriers  and  16%  of  female  carri¬ 
ers,  although  the  symptoms  in  females  are  less  severe  and  dementia  is  rare 
(Hagerman  &  Hagerman,  2013). 

This  chapter  will  focus  on  targeted  treatments  developed  for  FXS,  because 
recent  progress  in  understanding  the  biological  mechanisms  of  the  disor¬ 
der  have  led  to  the  development  of  several  medications  that  are  leading  the 
way  for  targeted  treatments,  not  only  in  FXS,  but  also  in  related  disorders, 
including  autism  and  ASD.  Some  of  the  targeted  treatments  developed  for 
FXS  may  also  be  helpful  for  premutation  disorders  (FAD),  but  additional 
research  is  needed  before  validating  these  treatments  in  carriers  (Cao  et  al., 
2012). 

FXS  is  the  most  common  inherited  cause  of  intellectual  disability  (ID) 
and  the  most  common  single  gene  cause  of  autism  known.  The  prevalence 
of  the  premutation  in  the  general  population  is  approximately  1  in  200 
females  and  1  in  450  males  (Tassone  et  al.,  2012),  whereas  the  preva¬ 
lence  of  the  full  mutation  is  approximately  1  in  4,000  males  and  females 
(Crawford  et  al.,  2001). 


CLINICAL  FEATURES 

Those  with  FXS  usually  do  not  have  dysmorphic  features,  although  the  ears 
may  be  prominent  with  cupping  in  the  upper  aspect  of  the  pinna,  and  the 
face  may  be  long,  but  typically  not  until  after  adolescence  (Figure  9.1).  The 
skin  is  usually  soft,  and  the  finger  joints  may  be  hyperextensible  in  child¬ 
hood  because  of  loose  connective  tissue.  The  feet  are  generally  flat  with 
some  degree  of  pronation,  and  the  testicles  become  large  in  adolescence 
and  then  stabilize  in  size,  such  that  they  are  two  to  three  times  larger  than 
in  normal  males  (Hagerman  &  Hagerman,  2002).  A  high  arched  palate  is 
common,  and  this  may  influence  the  drainage  of  the  Eustachian  tubes.  Ear 
infections  are  common  in  the  first  three  to  four  years  of  life,  and  pressure 
equalizing  (PE)  tubes  are  often  used  to  normalize  hearing  and  improve 
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Figure  9.1: 

Two  boys  with  FXS.  One  displays  typical  fragile  X  features,  specifically  prominent  ears,  while 
the  other  does  not. 


language.  Seizures  occur  in  approximately  20%  of  children  with  FXS  and  up 
to  13%  of  children  with  the  premutation,  and  anticonvulsants  are  an  effec¬ 
tive  treatment  (Hagerman  &  Hagerman  2002;  Chonchiaya  et  al.,  2012). 
The  presence  of  seizures  is  associated  with  a  higher  risk  for  ASD,  so  treat¬ 
ment  is  essential  (Chonchiaya  et  al.,  2012). 

Because  most  children  with  FXS  look  normal,  the  key  to  their  diagnosis 
is  in  their  behavior.  By  the  second  year  of  life,  they  develop  increasing  anxi¬ 
ety  and  hypersensitivity  to  sensory  stimuli.  Hyperactivity  is  seen  in  most 
boys  and  in  up  to  50%  of  girls  with  the  full  mutation,  although  attention 
and  executive  function  deficits  are  common  even  when  they  are  not  hyper¬ 
active  (Cornish  et  al.,  2013).  Infants  are  often  hypotonic  in  the  first  and 
second  year  of  life  and  delayed  in  language,  typically  not  speaking  at  age 
two.  Additional  behavior  problems  include  poor  eye  contact  and  hand-flap¬ 
ping  with  excitement,  along  with  perseveration  in  behavior  and  tantrums. 
Autism  is  diagnosed  in  30%  of  boys  with  FXS  and  an  ASD  is  seen  in  up  to 
60%  (Harris  et  al.,  2008).  The  children  with  an  ASD  demonstrate  signifi¬ 
cant  social  and  language  deficits  beyond  just  poor  eye  contact  or  repetitive 
behaviors  (Kaufmann  et  al.,  2004)  (Table  9.1). 

Typically,  children  with  FXS  are  diagnosed  around  three  years  of  age  with 
FMR1  DNA  testing  (Bailey  et  al.,  2009).  High-functioning  boys  with  an  IQ 
greater  than  70  and  girls  with  FXS  who  typically  present  with  learning 
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Table  9.1  CLINICAL  CHARACTERISTICS  OF  FRAGILE 

X-ASSOCIATED  DISORDERS 

Premutation  (55-200  CGG  repeats) 

Full  Mutation  (>200  CGG  repeats) 

Physical/Medical  features  (less  frequent  than 

Physical/Medical  features: 

in  the  full  mutation): 

•  Prominent  ears  with  cupping 

•  Prominent  ears 

•  Elongated  face  after  adolescence 

•  Hyperextensible  finger  joints 

•  Hyperextensible  joints 

•  Seizures  (8-13%) 

•  Loose  connective  tissue 

•  Migraines 

•  Soft  skin 

•  Immune  mediated  disorders 

•  Flat  feet  with  some  pronation 

•  Fibromyalgia 

•  Macroorchidism  after  age  10 

•  Hypothyroidism 

•  High  arched  palate 

•  Primary  ovarian  insufficiency  (FXPOI) 

•  Aging:  Fragile  X-associated  tremor/ataxia 
syndrome  (FXTAS) 

•  Neuropathy 

•  Tremor 

•  Ataxia 

•  Cognitive  decline 

•  Executive  function  deficits 

•  Seizures  (20%) 

Cognitive  features: 

Cognitive  features: 

•  Social  anxiety 

•  ADHD 

•  Depression 

•  Intellectual  disability 

•  Anxiety 

•  Autism 

•ADHD 

•  Autism  spectrum  disorders  (ASD) 

•  Shyness 

•Anxiety 

•  Autism  spectrum  disorders  (ASD) 

•  Hypersensitivity  to  sensory  stimuli 

•  Executive  function  deficits 

•  Executive  function  deficits 

•  Social  anxiety 

•  Poor  eye  contact 

•  Hand  flapping 

•  Perseveration 

•  Tantrums 

•  Social  and  language  deficits 

•  Learning  disabilities 

Prevalence: 

Prevalence: 

•  1  in  200  females 

•  1  in  450  males 

•  1  in  4,000  males  and  females 

disabilities,  such  as  math  problems,  and  anxiety,  but  without  ID,  are  often 
not  diagnosed  until  later  in  childhood  or  even  adolescence.  On  occasion,  a 
grandfather  is  diagnosed  with  FXTAS  or  a  mother  is  diagnosed  with  FXPOI, 
which  precipitates  cascade  testing  of  other  family  members,  leading  to 
diagnosis  of  a  child  with  FXS  or  another  family  member  with  FAD. 

The  average  IQ  of  an  adult  male  with  FXS  is  40,  but  those  with  a  lack  or 
partial  lack  of  methylation  (methylation  mosaicism)  or  those  who  have  size 
mosaicism  (some  cells  with  the  premutation  and  other  cells  with  the  full 
mutation)  have  an  average  IQ  in  the  60s  (Hagerman  &  Hagerman,  2002). 
Approximately  15%  of  boys  with  FXS  are  high-functioning  with  an  IQ 
greater  than  70.  Most  girls  with  FXS,  on  the  other  hand,  have  an  IQ  above 
70,  although  25%  have  ID.  The  X-activation  ratio,  meaning  the  percentage 
of  cells  with  the  normal  X  as  the  active  X,  correlates  with  the  overall  IQ  in 
girls  with  FXS  (Loesch  et  al.,  2004). 

N  EURO  BIO  LOGICAL  MECHANISMS  OF  DISEASE 

Over  two  decades  of  molecular  research  have  led  to  significant  advances  in 
understanding  the  neurobiology  of  FXS  and  related  disorders.  FMRP  is  a 
selective  RNA-binding  protein,  which  regulates  the  translation  of  hundreds 
of  mRNAs,  usually  through  inhibition  (Bagni  et  al.,  2012;  Darnell  &  Klann, 
2013).  FMRP  contains  three  main  RNA-binding  domains;  two  hnRNP 
K-homology  (KH)  domains  and  one  RGG  box.  In  addition,  a  stem  loop 
SoSLIP  motif  and  U-rich  sequences  have  been  proposed  to  be  RNA-binding 
sites.  The  I304N  point  mutation,  which  is  located  within  the  second  KH 
domain,  causes  severe  FXS  and  suggests  that  this  domain  plays  an  essential 
role  in  the  FMRP  function.  FMRP  is  largely  found  in  the  cytoplasm;  how¬ 
ever,  it  contains  a  nuclear  localization  and  nuclear  export  sequence.  FMRP 
regulates  RNA  transportation,  stabilization,  and  translation.  In  vitro  FMRP 
is  part  of  messenger  ribonucleoparticles  (structures  that  are  involved  in 
protein  synthesis)  and  regulates  dendritic  transport  of  associated  mRNAs, 
which  result  in  the  production  of  protein  synthesis  at  the  synapse  (Bagni 
et  al.,  2012).  FMRP  interacts  with  several  cytoplasmic  and  nuclear  proteins, 
and  it  has  been  found  in  granules  containing  translationally  silent  preini¬ 
tiation  complexes.  It  is  estimated  that  FMRP  binds  about  4%  of  total  brain 
RNA  and  interacts  with  many  other  proteins,  including  approximately  30% 
of  the  proteins  associated  with  autism  (Bagni  et  al.,  2012;  Darnell  et  al., 
2011,  2013;  Iossifov  et  al.,  2012). 

In  the  brain,  protein  synthesis  in  the  soma,  axons,  dendrites,  and  post- 
synaptic  sites  is  required  for  long-term  forms  of  synaptic  plasticity,  which 
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form  and  consolidate  long-term  memories.  Protein  synthesis  promotes 
synaptic  plasticity  activation,  as  well  as  the  activation  of  different  synap¬ 
tic  plasticity  states,  and  it  is  coordinated  by  the  action  of  the  metabotrobic 
glutamate  receptors  (mGluRs)  (Massey  &  Bashir  2007).  Specifically,  the 
activation  of  mGluR  induces  a  synaptic  plasticity  state  called  “long-term 
depression”  (LTD)  (Massey  &  Bashir  2007),  which  triggers  synaptic  plas¬ 
ticity  by  regulating  mRNA  and  the  synthesis,  degradation  and  recycling 
of  somatic  and  axonic  proteins.  In  the  Fmrl- KO  mice,  LTD  is  significantly 
increased  (Bagni  et  al.,  2012).  This  effect  on  LTD  is  probably  due  to  dys- 
regulated  local  protein  synthesis  and  has  established  the  basis  of  the 
“mGluR  theory”  (Bear  et  al.,  2004).  The  mGluR  theory  of  FXS  suggests 
that  the  psychiatric,  cognitive,  and  neurological  aspects  of  the  syndrome 
are  due  to  exaggerated  downstream  consequences  of  mGluR5  upregula- 
tion.  This  theory  was  validated  by  genetic  mouse  studies  where  rescue  of 
several  symptoms  occurred  when  the  mGluR5  heterozygous  mouse  was 
crossed  with  the  Fmrl- KO  mouse  (Dolen  et  al.,  2010).  The  Fmrl- KO  shows 
an  excess  of  protein  translation,  protein  synthesis,  and  synaptic  proteins 
(Berry-Kravis  et  al.,  2011;  Bagni  et  al.,  2012).  Additionally,  FMRP  binds 
and  represses  the  catalytic  subunit  of  PI3K,  a  signaling  molecule  down¬ 
stream  of  the  activation  of  mGluR5  (Gross  et  al.,  2010).  In  summary,  the 
absence  of  FMRP  leads  to  dysregulation  and  usually  over-expression  of  a 
number  of  its  target  genes,  which  causes  abnormal  synthesis  of  proteins 
involved  in  neurotransmission,  dendritic  morphology,  and  synaptic  plas¬ 
ticity.  Several  approaches,  including  the  use  of  mGluR5  antagonists,  have 
led  to  positive  outcomes  for  anatomical,  electrophysiological,  and  behav¬ 
ioral  measures  in  the  animal  model,  leading  to  subsequent  human  trials 
(Hagerman  et  al.,  2012)  (Figure  9.2).  Targeted  treatments  show  promis¬ 
ing  results  in  mitigating  or  even  reversing  the  neurobiological  abnormali¬ 
ties  caused  by  loss  of  FMRP.  Furthermore,  targeted  treatments  for  FXS 
are  leading  the  way  for  treatment  of  other  neurodevelopmental  disorders, 
including  autism  and  ASD. 

DIAGNOSTIC  METHODS 

The  diagnosis  of  FXS  or  the  premutation  is  made  with  molecular  testing  for 
the  cytosine,  guanine,  guanine  (CGG)  expansion  in  FMR1  (order  the  FMR1 
DNA  test)  that  includes  polymerase  chain  reaction  (PCR)  and  Southern 
Blotting.  The  latter  is  most  important  to  see  if  a  large  expansion  in  the  full 
mutation  range  is  present  and  to  document  the  methylation  status.  PCR 
demonstrates  the  size  of  the  premutation  and  the  genetic  report  should 


Figure  9.2: 

Diagram  of  mechanism  implicated  in  FXS  altered  synaptic  plasticity  and  targeted  treatments. 
Two  signaling  pathways  downstream  of  mGluR5  affect  translation,  the  MEK-ERK-Mnkl 
and  the  PI3K-mTOR  pathway.  Also  depicted  are  medications  that  affect  the  GABA  recep¬ 
tors,  MMP9  level,  NMDA,  and  AMPA  receptors.  The  stars  represent  clinical  trials  at  the 
MIND  Institute.  Picture  adapted  from  Levenga  et  al.,  2010,  and  artistic  input  from  Carolyn 
Yrigollen  and  Dr.  Flora  Tassone. 

document  the  size  of  the  CGG  repeat.  All  children  or  adults  diagnosed  with 
ASD  or  ID  of  unknown  etiology  should  be  tested  for  FXS  with  the  FMR1 
DNA  testing.  Those  with  neurological  problems,  including  tremor  or  ataxia 
and  women  with  POI,  should  also  have  FMR1  DNA  testing,  and  this  can  be 
ordered  by  any  physician,  usually  the  primary  health  care  provider. 

RELATED  DISORDERS 

There  is  a  close  association  between  ASD  and  FXS  because  FMRP  regulates 
hundreds  of  genes  at  the  synapse  that  are  important  for  synaptic  plasticity, 
and  many  of  these  genes  are  also  associated  with  autism,  including  neuro- 
ligins,  neurexins,  PSD  95,  Shank  3,  Arc,  etc.  (Iossifov  et  al.,  2012;  Darnell  & 
Klann,  2013).  Therefore  the  lack  of  FMRP  in  FXS  will  lead  to  dysfunction  of 
these  other  genes  associated  with  autism.  Low  levels  of  FMRP  in  the  CNS 
are  also  seen  in  autism  without  an  FMR1  mutation  (Fatimi  et  al.,  2011)  and 
in  other  psychiatric  conditions  including  schizophrenia,  bipolar  disorder, 
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and  depression  (Fatimi  et  al.,  2010).  Recent  studies  have  shown  that  FMRP 
levels  in  blood  are  associated  with  the  age  of  onset  and  IQ  in  those  with 
schizophrenia  but  without  an  FMR1  mutation  (Kovacs  et  al.,  2013). 

The  gray  zone  includes  those  with  40  to  54  CGG  repeats  and  it  is  called 
gray  because  it  is  unclear  if  disease  is  associated  with  this  allele  size.  There 
is  twice  the  rate  of  FXPOI  in  the  gray  zone  than  in  the  general  population 
(Bretherick  et  al,  2005)  and  this  is  likely  to  be  related  to  a  mild  elevation  of 
FMR1  mRNA  levels  (Loesch  et  al.,  2007).  In  addition,  FXTAS  has  now  been 
diagnosed  in  the  gray  zone  (Hall  et  al.,  2011),  and  this  is  perhaps  more 
common  when  others  in  the  family  have  FXTAS  (Liu  et  al.,  2012). 

CURRENT  STANDARD  TREATMENT  OF  FXS 

Currently,  early  intervention  with  both  speech  and  language  therapy 
and  occupational  therapy  with  sensory  integration  techniques  are  given 
to  children  with  FXS,  most  optimally  beginning  in  the  first  year  of  life, 
but  more  typically  obtained  after  diagnosis  is  made.  Most  children  ben¬ 
efit  significantly  from  special  education  support,  but  whenever  possible, 
mainstreaming  them  into  the  regular  classroom  with  the  support  of  an 
aide  is  helpful  (Hagerman  &  Hagerman,  2002).  Enrichment  of  the  envi¬ 
ronment  is  essential  for  an  optimal  outcome,  and  home  intervention  for 
early  language  development  and  motor  development  should  start  in  the 
first  year.  For  those  with  autism,  the  Early  Start  Denver  Model  (ESDM) 
developed  by  Sally  Rogers  and  Geri  Dawson  is  recommended  (Dawson 
et  al.,  2010). 

Many  medications  can  be  helpful  in  children  with  FXS,  and  the  use  of 
sertraline,  a  selective  serotonin  reuptake  inhibitor  (SSRI),  may  enhance 
language  development  at  low  doses  beginning  at  age  two  (Winarni  et  al., 
2012  a  and  b).  However,  hyperarousal  can  be  seen  in  20%  of  those  treated 
with  sertraline,  and  if  activation  or  an  increase  in  aggression  occurs  with 
sertraline,  the  dose  should  be  lowered  or  discontinued.  Typically  sertraline 
or  another  SSRI  can  also  decrease  anxiety,  and  this  may  improve  behavior 
and  social  interactions,  which  anxiety  can  worsen.  The  use  of  aripiprazole 
(Abilify)  or  risperidone  (Risperdal)  can  help  to  stabilize  mood,  decrease 
aggression,  and  improve  anxiety  (Hagerman  et  al.,  2009;  Erickson  et  al., 
2011).  Clonidine  or  guanfacine  can  also  have  a  calming  effect  in  children 
with  FXS  and  reduce  hyperarousal,  aggression,  or  hyperactivity.  Clonidine 
can  also  help  with  sleep,  although  melatonin  should  be  the  first  treatment 
for  the  sleep  disturbances  that  are  seen  in  the  majority  of  young  children 
with  FXS  (Wirojanan  et  al.,  2009).  Stimulants  are  helpful  to  treat  ADHD 


symptoms  in  children  with  FXS  who  are  five  or  older  and  can  also  be  helpful 
throughout  adolescence  (Hagerman  et  al.,  2009). 

Currently,  many  of  the  targeted  treatments  outlined  below  are  often 
mixed  with  standard  treatments  outlined  above  for  an  optimal  effect  for 
the  child  or  adult  with  FXS. 

TARGETED  TREATMENTS 
mGluR5  Antagonists 

Since  upregulation  of  the  mGluR5  system  leads  to  LTD,  pharmaceuti¬ 
cal  interventions  to  downregulate  mGluR5  activity  have  been  shown 
to  correct  aspects  of  the  FXS  phenotype  (Hagerman  et  al.,  2012).  There 
is  a  heightened  focus  on  the  development  of  mGluR5  negative  alloste¬ 
ric  modulators,  resulting  in  the  study  of  multiple  compounds,  includ¬ 
ing  MPEP  (2-methyl-6-phenylethynyl  pyridine  hydrochloride),  fenobam 
(Neuropharm  Ltd.),  AFQ056  (Mavoglurant;  Novartis  Pharmaceuticals), 
R04917523  (Hoffman-La  Roche),  and  STX107  (Seaside  Therapeutics). 

Studies  addressing  MPEP  treatment  in  Fmrl-KO  mice  have  rescued  an 
array  of  phenotypes  typical  of  FXS,  including  correction  of  increased  pre¬ 
pulse  inhibition,  audiogenic  seizures,  enhanced  locomotor  activity  in  the 
open  field,  increased  density,  and  weak  or  immature  synaptic  architecture 
(reviewed  in  Hagerman  et  al.,  2012).  In  vitro  MPEP  additionally  rescued 
excessive  AMPA  receptor  internalization  in  F MRP-deficient  cultured  neu¬ 
rons  (Nakamoto  et  al.,  2007).  Of  consideration,  however,  is  the  timing 
of  mGluR5  antagonist  treatment.  When  studying  the  effects  of  mGluR5 
blockade  on  excitatory  synaptic  activity,  normalization  to  wild-type  values 
was  only  evident  in  hippocampal  slices  after  two  weeks  of  development, 
but  not  at  one  week  or  eight  to  ten  weeks  (Meredith  et  al.,  2011).  Chronic 
treatment  with  CTEP,  another  mGluR5  antagonist,  corrected  elevated  hip¬ 
pocampal  LTD,  enhanced  protein  synthesis,  audiogenic  seizures,  auditory 
hypersensitivity,  irregular  dendritic  spine  density,  overactive  ERK,  and 
mTOR  signaling,  and  partially  corrected  macroorchidism  in  young  adult 
KO  mice  (Michalon  et  al.,  2012).  This  study  showed  that  pharmacological 
treatment  after  mature  development  can  reverse  many  aspects  of  the  FXS 
phenotype,  and  this  has  given  hope  to  many  families  that  have  an  adult 
with  FXS. 

Two  genetic  investigations  of  mGluR5  regulation  in  Fmrl-KO  mice  that 
reduced  FMRP  levels  by  50%  presented  contradicting  results  of  decreasing 
susceptibility  to  audiogenic  seizures.  While  both  studies  presented  the  res¬ 
cue  of  numerous  phenotypes,  reduced  susceptibility  to  audiogenic  seizures 
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was  only  found  in  one  study  (Dolen  et  al.,  2007),  while  the  other  reported 
no  significant  rescue  of  susceptibility  to  seizures  (Thomas  et  al.,  2012).  This 
contradicting  result  demonstrates  need  for  continued  study  and  reinforces 
the  consideration  of  factors  such  as  background  genetic  effects  or  environ¬ 
mental  factors  that  may  contribute  to  the  impact  of  treatment.  Given  the 
overall  rescue  of  numerous  phenotypical  features  of  FXS  in  animal  models, 
multiple  mGluR5  antagonists  are  now  under  study  in  humans,  with  prom¬ 
ising  outcomes. 

Human  Studies 

In  a  single-dose  trial  with  fenobam  administered  to  12  adults  with  FXS, 
subjects  showed  a  20%  improvement  in  prepulse  inhibition  (PPI),  which 
involves  sensorimotor  gating  and  inhibition  (Berry-Kravis  et  al.,  2009). 
Due  to  financial  constraints,  however,  Neuropharm  was  unable  to  pursue 
further  development  despite  encouraging  results. 

The  second  clinical  study  with  an  mGluR5  antagonist  was  a  random¬ 
ized,  double-blind,  two-treatment,  two-period,  crossover  study  of  AFQ056 
in  30  males  (18-35  years)  (Jacquemont  et  al.,  2011).  While  the  primary 
outcome  measure,  the  Aberrant  Behavior  Checklist- Community  Edition 
(ABC-C),  did  not  demonstrate  significant  treatment  effects,  an  exploratory 
analysis  showed  seven  patients  with  full  FMR1  methylation  and  no  detect¬ 
able  FMR1  messenger  RNA  improved  significantly  on  the  ABC-C  compared 
to  placebo.  Eighteen  patients  with  partial  methylation  showed  a  variable 
response,  but  overall  there  was  no  significant  improvement  on  the  medica¬ 
tion.  AFQ056  was  well  tolerated,  with  mild  to  moderate  fatigue  and  head¬ 
ache  the  most  commonly  reported  side  effects  (Jacquemont  et  al.,  2011). 
Novartis  is  pursuing  global,  randomized,  double-blind,  placebo-controlled 
studies  to  evaluate  the  safety  and  efficacy  of  AFQ056  in  children,  adoles¬ 
cents,  and  adults  with  FXS  (see  the  website  clinicaltrials.gov  for  further 
information).  In  addition,  open-label  continuation  studies  are  ongoing  for 
adults  and  adolescents  with  FXS.  Because  there  has  been  a  mixed  response 
to  this  medication,  testing  for  biomarkers  that  could  identify  the  respond¬ 
ers,  such  as  complete  methylation  of  FMR1,  is  taking  place. 

Studies  assessing  efficacy  of  the  mGluR5  antagonist  R04917523 
(Hoffman-La  Roche)  are  currently  underway  in  children  beginning  at  age 
five  and  into  adulthood  with  FXS.  These  studies  are  at  multiple  centers 
internationally  and  are  controlled  trials,  although  open-label  longitudinal 
studies  have  not  yet  been  organized.  If  efficacy  is  seen  in  these  studies, 
then  phase  3  trials  will  be  organized.  Seaside  Therapeutics,  which  recently 


partnered  with  Hoffman-La  Roche,  has  developed  another  mGluR5  antag¬ 
onist,  STX107,  which  has  been  successful  in  animal  studies  and  will  be 
studied  in  patients  with  FXS  in  the  future  (Figure  9.2). 

TARGETING  GABAa  RECEPTORS 

In  FXS,  collective  results  show  an  imbalance  between  neuronal  inhibition 
and  excitation  with  overall  excitation;  therefore,  changing  the  balance 
from  excitation  to  inhibition  has  been  considered  through  a  GABAergic 
approach.  The  gamma  amino-butyric  acid  (GABA)  pathways  are  the  main 
inhibitory  system  in  the  human  brain  and  play  a  role  in  regulating  neu¬ 
ronal  excitability  throughout  the  nervous  system.  There  are  two  classes 
of  GABA  receptors:  GABAa  and  GABAb.  GABAa  receptors  are  ligand-gated 
ion  channels,  whereas  GABAg  receptors  are  G  protein-coupled  receptors. 
GABAa  receptors  allow  the  flow  of  chloride  ions  across  the  membrane, 
which  hyperpolarizes  the  neuron’s  membrane  and  minimizes  the  effect  of 
any  coincident  synaptic  input.  FMRP  targets  the  mRNAs  encoding  eight 
different  GABAa  receptor  subunits  (al,  a3,  a4,  (11,  02,  y1,  y2,  and  /),  which 
were  significantly  reduced  in  the  cortex  of  Fmrl-KO  mice,  particularly  the  x 
subunit,  which  is  believed  to  represent  extrasynaptic  (perisynaptic)  GABAa 
receptors  (D’Hulst  et  al.,  2006).  In  addition,  the  Fmrl-KO  mouse  exhibits 
reduced  inhibitory  postsynaptic  currents  in  the  amygdala  (Olmos-Serrano 
et  al.,  2010)  and  subicular  neurons  (Curia  et  al.,  2009).  Fly  models  of  FXS 
also  show  lower  levels  of  GABA  receptors  (Chang  et  al.,  2008).  GABAa 
agonists  act  to  directly  compensate  for  the  GABAa  subunit  deficiencies  by 
enhancing  the  function  of  the  existing  receptors. 

A  brief  report  of  three  patients  with  FXS  and  autism  treated  with  acam- 
prosate  showed  improvement  in  language  and  behavior  in  all  the  patients 
(Erickson  et  al.,  2010).  Acamprosate  is  a  drug  approved  for  treatment  of 
alcohol  withdrawal;  it  is  thought  to  stabilize  the  excitatory/inhibition  bal¬ 
ance  in  the  brain  mainly  by  enhancing  the  function  of  GABAft  receptors  and 
possibly  inhibitory  effects  at  group  I  mGluRs  (Erickson  et  al.,  2010). 

Ganaxolone  (3a-hydroxy-3B-methyl  analogue  of  allopregnanolone)  is  a 
GABAa  receptor  agonist  through  allosteric  modulation;  it  is  orally  active 
and  lacks  hormonal  side  effects  (Pin  &  Prezeau,  2007).  In  the  Fmrl-KO, 
ganaxolone  has  been  shown  to  decrease  audiogenic  seizures  (Heulens  et  al., 
2012).  Similarly,  studies  in  the  dfmr  mutant  fly  show  that  GABAa  agonists 
ameliorate  the  lethality  phenotype  from  glutamate-containing  food,  neu¬ 
ropathology,  excessive  protein  translation,  and  abnormal  courtship  behav¬ 
ior  (Chang  et  al.,  2008).  The  chronic  activation  of  GABAa  receptors  may 
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have  beneficial  effects  in  ameliorating  the  learning  deficits  characteristic  of 
the  FXS  (El  Idrissi  et  al,  2009).  Currently  we  are  conducting  a  randomized, 
phase  2,  double-blind,  placebo-controlled  crossover  trial  to  investigate  the 
efficacy  of  ganaxolone  for  the  treatment  of  anxiety  and  attention  deficits  in 
children  with  FXS  ages  6  to  17  (www.clinicaltrials.org). 

TARGETING  GABAb  RECEPTORS 

Arbaclofen  (STX209,  R-baclofen)  is  a  y-aminobutyric  acid  type  B  (GABAg) 
receptor  agonist  and  the  active  enantiomer  of  racemic  baclofen,  which  acts 
presynaptically  to  block  glutamate  release.  The  resulting  decreased  gluta- 
matergic  drive  indirectly  reduces  mGluR5  activation  (Figure  9.2).  In  addi¬ 
tion  to  exaggerated  mGluRl/5  activation  in  FXS  explained  above  is  the 
deficiency  of  GABA-mediated  inhibitory  neurotransmission.  Fmrl- KO  mice 
show  reduced  GABAergic  inhibition  in  the  hippocampus,  striatum,  somato¬ 
sensory  cortex,  and  amygdala  (Olmos-Serrano  et  al.,  2010).  Humans  with 
FXS  are  shown  to  have  excessive  amgydala  activation,  as  is  evident  during 
face-processing  tasks  (Watson  et  al.,  2009).  However,  another  recent  study 
suggested  the  opposite;  lower  FMRP  levels  in  fragile  X  spectrum  involve¬ 
ment  (FXSI)  from  the  premutation  to  the  full  mutation  were  associated 
with  lowered  activation  of  the  amygdala  on  fMRI  studies  (Kim  et  al.,  2014). 
Dysregulation  of  the  GABA  pathways  in  the  limbic  system  are  hypothe¬ 
sized  to  be  the  basis  of  social  anxiety  and  avoidance,  characteristic  of  FXS 
(Cordiero  et  al.,  2011).  In  the  Fmrl- KO  mice,  arbaclofen  reduced  protein 
synthesis  and  translation  to  wild-type  levels,  corrected  AMPAR  trafficking 
in  neurons,  corrected  the  increased  spine  density,  and  rescued  susceptibil¬ 
ity  to  audiogenic  seizures  (Henderson  et  al.,  2012).  Therefore  arbaclofen  is 
considered  a  disease-modifying  drug  or  targeted  treatment  for  FXS. 

Human  Studies 

A  randomized,  double-blind,  placebo-controlled  crossover  study  with  arba¬ 
clofen  evaluating  improvements  in  behavioral  symptoms  of  63  subjects  with 
FXS  (55  males)  aged  6-40  years  showed  significant  treatment  effects  on 
numerous  outcome  measures  (Berry-Kravis  et  al.,  2012).  While  the  primary 
outcome  measure,  the  ABC-Irritability  subscale,  did  not  show  significance, 
parent-nominated  problem  behaviors  on  the  Visual  Analog  Scale  (VAS)  and 
the  Clinical  Global  Improvement  scale  (CGI-I)  showed  positive  trends  with 
treatment  of  arbaclofen.  Additional  post  hoc  analysis  demonstrated  full 


study  population  improvement  on  the  ABC-Social  Avoidance  (SA)  subscale 
validated  for  FXS  (Sansone  et  al.,  2012),  which  is  currently  being  used  as 
an  efficacy  assessment  in  multiple  clinical  trials  for  FXS.  Furthermore,  a 
subset  of  patients  who  met  diagnostic  criteria  for  autism  or  had  significant 
social  deficits  on  the  ABC  (27  subjects)  demonstrated  additional  improve¬ 
ments  in  the  Vineland-Socialization  subscale  and  all  global  measures. 
Overall,  arbaclofen  is  a  well-tolerated  medication  with  few  side  effects,  the 
most  common  being  sedation  and  headache  in  only  8%  (Berry-Kravis  et  al., 
2012).  Many  of  the  subjects  continued  to  extension  studies.  However,  fur¬ 
ther  controlled  studies  in  those  with  ASD  and  in  those  with  FXS  did  not 
show  significant  efficacy,  leading  to  the  collapse  of  the  company  and  the 
termination  of  all  studies. 

LOVASTATIN 

Lovastatin  was  originally  isolated  from  the  mold  Aspergillus  and  it  is 
also  naturally  found  in  the  culinary  oyster  mushroom.  It  was  the  first 
statin  utilized  clinically,  and  it  has  the  greatest  transcellular  perme¬ 
ability  coefficient;  therefore,  it  reaches  the  highest  central  nervous 
system  (CNS)  levels  when  compared  to  other  statins.  Lovastatin  is  a 
specific  inhibitor  of  the  rate-limiting  enzyme  in  cholesterol  biosynthesis 
(3-hydroxy-3-methylglutaryl  coenzyme  A  [3HMG-CoA]  reductase),  and  it  is 
widely  used  for  treatment  of  hyperlipidemia  in  children  and  adults  (Figure 
9.2).  Although  lovastatin  is  FDA-approved  for  use  in  children  10  years  and 
older  for  treatment  of  familial  hypercholesterolemia,  it  has  been  used  in 
younger  children  for  other  conditions,  such  as  cholesterol  ester  storage  dis¬ 
ease  and  nephrotic  syndrome  (Prata  et  al.,  1994).  Most  recently,  lovastatin 
has  been  used  successfully  in  infants  to  treat  hypoxia  and  ischemic  enceph¬ 
alopathy  (Buonocore  et  al.,  2012).  Lovastatin  is  also  a  targeted  treatment 
for  neurofibromatosis  type  1  (NF1)  because  it  can  inhibit  small  GTPases 
(including  Ras)  (Li  et  al.,  2007).  In  mice  with  Nfl+/-  mutation,  lovastatin 
improved  memory  and  long-term  deficits  in  potentiation  without  signifi¬ 
cant  side  effects  (Acosta  et  al.,  2011). 

Pertinent  to  FXS,  lovastatin  reduces  the  activation  of  the  small  guanosine 
triphosphatase  (GTPase)  Ras  and  subsequently  the  activation  of  the  extra¬ 
cellular  signal  regulated  kinase  (ERK1/2),  a  signaling  molecule  downstream 
to  the  activation  of  mGluRs  (Gross  et  al.,  2010).  Specifically,  lovastatin 
interferes  with  recruitment  of  Ras  to  the  membrane,  a  process  required  to 
transition  from  inactive  GDP  to  active  GTP.  The  interaction  of  Ras  with  the 
membrane  requires  the  post-translational  addition  of  a  farnesyl  group  to 
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the  C  terminus  of  Ras.  Lovastatin  inhibits  Ras  farnesylation  by  targeting 
the  upstream  mevalonate  pathway  (Osterweil  et  al.,  2010). 

In  the  Fmrl- KO,  lovastatin  decreased  the  excessive  protein  production 
(Osterweil  et  al.,  2010)  by  inhibition  of  the  Ras-ERKl/2  signaling  in  the 
hippocampal  neurons  (Li  et  al.,  2007).  In  addition,  the  use  of  lovastatin 
blocked  the  induction  of  mGluR-mediated  epileptiform  activity  in  hippo¬ 
campal  slices,  lowered  seizures,  and  corrected  hyperexcitability  in  visual 
cortex  in  the  Fmrl- KO  (Osterweil  et  al.,  2013). 

We  have  utilized  lovastatin  clinically  in  five  children  with  FXS,  and  we 
have  seen  a  response  in  enhanced  language.  For  instance,  the  mother  of  an 
11-year-old  old  boy  with  autism  and  FXS  who  was  started  on  lovastatin  (20 
mg  a  day)  stated  that  he  “came  out  of  the  fog”;  he  started  verbalizing  more 
with  the  utilization  of  phrases  for  the  first  time  and  “using  more  combina¬ 
tions  of  new  words.”  His  eye  contact  improved,  as  did  his  overall  behavior. 
Although  his  mother  states  that  he  is  still  “spinning  things,”  she  adds  that 
“he  is  now  using  pretend  play,  which  is  new  for  him.”  There  were  no  side 
effects,  and  his  cholesterol  and  other  laboratory  studies  remain  normal. 
However,  these  are  anecdotal  reports  and  there  is  a  need  for  a  controlled 
trial  of  lovastatin  to  assess  its  safety  and  efficacy  in  children  with  FXS. 

MINOCYCLINE 
Animal  Studies 

When  Bilousova  et  al.  (2009)  published  the  first  fmrl- KO  mouse  studies 
utilizing  minocycline,  the  fragile  X  field  was  surprised  that  one  month  of 
minocycline  afterbirth  could  rescue  the  dendritic  spine  defects  seen  in  FXS. 
The  long,  thin  and  immature  spines  converted  to  normal  mature  spines  on 
minocycline,  and  there  were  improvements  in  anxiety  on  the  elevated  plus 
maze  along  with  improvements  on  a  cognitive  task  (Bilousova  et  al.,  2009). 
These  researchers  found  elevated  matrix  metalloproteinase  9  (MMP9)  lev¬ 
els  in  the  fmrl-KO  mouse  compared  to  wild  type  and  minocycline  lowered 
the  MMP9  levels  to  normal  (Figure  9.2). 

MMP9  is  an  endopeptidase  that  is  extracellular,  but  it  also  appears  to 
be  an  important  protein  for  the  development  of  synaptic  connections  and 
plasticity,  particularly  in  the  hippocampus  (Michaluk  et  al.,  2011).  In  the 
Drosophila  model  of  fragile  X  ( dfmrl  mutants),  Kendall  Broadie’s  labora¬ 
tory  demonstrated  that  over-expression  of  the  only  tissue  inhibitor  of 
MMPs,  tissue  inhibitor  of  metalloproteinase  (TIMP),  prevented  the  synap¬ 
tic  defects  seen  in  the  dfmrl  mutants  (Siller  &  Broadie,  2011).  Minocycline 
treatment  of  the  dfmrl  mutants  normalized  synaptic  structure  and  brain 


morphology  (Siller  &  Broadie  2011).  Subsequently,  Rotschafer  et  al.  (2011) 
have  demonstrated  decreased  ultrasonic  calling  vocalizations  during  mat¬ 
ing  in  the  fmrl- KO  mouse  compared  to  wild  type,  and  treatment  for  four 
weeks  after  birth  with  minocycline  normalized  the  deficient  vocalizations. 
These  animal  studies  have  paved  the  way  for  clinical  trials  with  minocycline 
in  patients  with  FXS. 

Human  Studies 

Minocycline  is  a  semisynthetic  tetracycline-derivative  antibiotic  that  has 
been  available  since  the  1960s  and  is  a  common  treatment  for  multiple 
conditions,  including  Rocky  Mountain  spotted  fever  and  acne  vulgaris.  The 
initial  human  studies  in  FXS  involved  a  survey  of  the  families  whose  chil¬ 
dren  with  FXS  were  treated  clinically  with  minocycline  after  the  Bilousova 
study  was  published.  Utari  et  al.  (2010)  utilized  a  Likert  scale  to  survey 
the  parents  of  50  children  treated  for  at  least  two  weeks  and  up  to  a  year 
and  found  that  70%  of  families  noted  improvement  in  language,  attention, 
and/or  social  interactions,  although  side  effects  occurred  in  over  one- third 
of  patients.  Paribello  et  al.  (2010)  carried  out  an  open-label  add-on-study 
of  minocycline  in  20  males  with  FXS  who  were  13  to  32  years  of  age  and 
found  improvement  in  a  variety  of  measures,  including  the  Vineland  and 
the  ABC  scale.  They  found  minocycline  to  be  well  tolerated,  but  2  of  the  20 
patients  treated  developed  a  positive  antinuclear  antibody  (ANA)  test. 

Due  to  these  initial  positive  responses,  Leigh  et  al.  initiated  a  random¬ 
ized,  double-blind,  placebo-controlled,  crossover  trial  in  individuals  with 
FXS,  ages  3.5-16  years  ( n  =  55,  mean  age  9.2,  SD  3.6  years)  (Leigh  et  al., 
2013).  Participants  were  first  randomized  to  three  months  of  minocycline 
or  placebo,  and  then  switched  to  the  other  treatment  arm  for  an  addi¬ 
tional  three  months.  Primary  outcome  measures  were  the  Clinical  Global 
Impressions  Scale-Improvement  (CGI-I)  and  the  Visual  Analogue  Scale 
(VAS)  for  behavior  difficulties.  Sixty-nine  subjects  were  screened  and  66 
were  randomized.  Fifty-five  subjects  (83.3%)  completed  at  least  the  first 
period,  and  48  (72.7%)  completed  the  full  trial.  The  results  demonstrated, 
in  an  intention-to-treat  analysis,  significantly  greater  improvement  (lower 
score)  in  the  primary  outcome,  CGI-I,  after  minocycline  compared  to 
placebo  (least  squares  means  ±  standard  error:  2.49  ±  0.13,  2.97  ±  0.13, 
respectively,  p  0.0173)  and  greater  improvement  (higher  number)  in  an  ad 
hoc  analysis  of  anxiety  and  mood-related  behaviors  on  the  VAS  (minocy¬ 
cline  5.26  cm  ±  0.46  cm,  placebo  4.05  cm  ±  0.46  cm;  p  0.0488).  The  second¬ 
ary  outcome  measures,  including  the  ABC,  the  Vineland  Adaptive  Behavior 


[228]  Treatment  of  Neurodevelopmental  Disorders 


FRAGILE  X  SYNDROME  AND  FRAGILE  X-ASSOCIATED  DISORDERS  [229] 


Scales  (2nd  edition),  and  the  Expressive  Vocabulary  Test  (EVT),  had  no  sig¬ 
nificant  improvement  on  minocycline.  Side  effects  were  not  significantly 
different  during  the  minocycline  and  placebo  treatment  periods.  No  seri¬ 
ous  adverse  events  occurred  during  minocycline  treatment  even  in  the 
young  children  at  3.5  years  (Leigh  et  al.,  2013). 

The  benefit  of  minocycline  is  that  it  is  available  by  prescription  cur¬ 
rently  and  it  can  be  used  clinically,  whereas  the  mGluR5  antagonists  and 
the  GABAa  and  GABAg  agonists  described  above  are  not  currently  available 
clinically,  although  this  may  change  in  2015.  Minocycline  is  usually  well  tol¬ 
erated,  although  it  can  cause  GI  upset,  loose  stools,  skin  sensitivity  to  the 
sun,  and  darkening  of  the  skin,  gums,  or  nails  with  prolonged  use  (Smith  & 
Leyden  2005;  Utari  et  ah,  2010).  Graying  of  the  permanent  teeth  can  also 
occur  when  used  by  children  under  age  eight  before  the  permanent  teeth 
have  emerged,  so  it  is  not  FDA-approved  for  children  under  eight.  Parents 
must  decide  whether  the  use  of  minocycline  that  can  improve  synaptic  con¬ 
nections  is  worth  the  chance  of  gray  teeth,  although  the  latter  problem 
can  be  fixed  cosmetically  with  dental  plating.  In  rare  cases  a  lupus-like  syn¬ 
drome  can  develop,  with  a  rash,  swollen  joints,  or  an  autoimmune  hepati¬ 
tis,  but  this  is  reversible  once  the  minocycline  is  stopped.  Rarely,  increased 
intracranial  pressure  can  develop,  leading  to  a  severe  headache  called  pseu¬ 
dotumor  cerebri,  so  parents  should  be  warned  that  if  a  rash,  swollen  joints, 
or  persistent  headache  occur,  the  minocycline  should  be  stopped. 

Because  minocycline  is  an  antibiotic,  it  will  change  the  flora  in  the 
GI  tract,  so  it  is  recommended  that  a  probiotic  be  utilized  during  treat¬ 
ment  with  minocycline.  Minocycline  and  milk  or  milk  products  can  chelate 
together,  so  milk  should  be  avoided  %  to  1  hour  before  and  after  minocy¬ 
cline  is  given  orally  (Utari  et  al.,  2010).  We  also  recommend  checking  an 
ANA  level  every  six  months  during  minocycline  treatment.  Our  preliminary 
data  show  that  approximately  26%  of  children  with  FXS  develop  a  positive 
antinuclear  antibody  (ANA)  titer;  however,  20%  have  a  baseline  positive 
titer  (Rafika  et  al.,  unpublished  data),  similar  to  the  autism  population 
(20%,  Mostafa  &  Kitchener,  2009)  but  higher  than  the  5%  to  15%  positive 
ANA  in  children  in  the  general  population  (Wananukul  et  al.,  2005). 

Minocycline  has  been  studied  as  a  neuroprotective  agent  in  diseases  such 
as  Huntington’s  disease  and  multiple  sclerosis  (Plane  et  al.,  2010).  There 
are  several  mechanisms  by  which  minocycline  has  been  theorized  to  exert 
its  neuroprotective  effects  and  anti-inflammatory  effects,  including  inhib¬ 
iting  microglial  activation,  decreasing  caspase  activity,  and  through  anti- 
apoptotic  properties  (Plane  et  al.,  2010;  Figure  9.3).  It  is  unclear  whether 
these  neurobiological  effects  may  be  beneficial  for  those  with  FXS  and  per¬ 
haps  also  for  those  with  premutation  developmental  problems.  For  some 
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Figure  9.3: 

Roles  played  by  minocycline  in  neuroprotection  and  in  lowering  MMP9  levels  to  strengthen 
synaptic  connections  in  those  with  FXS.  Figure  art  developed  by  Dr.  Paul  Hagerman  and 
Paul  Doucet. 


children  with  the  premutation,  there  is  a  lowering  of  FMRP  levels,  particu¬ 
larly  in  the  upper  premutation  range,  which  in  turn  would  increase  MMP9 
levels.  Therefore,  those  with  the  premutation  and  developmental  problems 
related  to  lowered  FMRP  levels  are  predicted  to  improve  on  minocycline. 
This  has  been  seen  on  a  clinical  basis  in  a  handful  of  children,  but  controlled 
studies  have  not  been  carried  out  in  premutation  carriers.  It  is  also  possible 
that  the  immune-mediated  problems  that  are  experienced  by  some  adult 
premutation  carriers,  such  as  fibromyalgia  or  multiple  sclerosis,  may  also 
improve  with  minocycline.  The  neuroprotective  and  antiapoptotic  effects 
of  minocycline  may  also  be  beneficial  for  FXTAS,  but  so  far  these  studies 
have  not  been  carried  out. 


ADDITIONAL  CONSIDERATIONS  FOR  TREATMENT 

While  the  medications  listed  above  are  the  focus  of  currently  available  tar¬ 
geted  treatments,  additional  compounds  have  promising  mechanisms  for 
treatment  in  FXS.  A  recent  open-label  study  of  lithium  in  patients  with  FXS 
showed  improvements  in  social  behavior  according  to  the  ABC-C  total  score, 
VAS,  Vineland-II  maladaptive  behavior  subscale,  and  Repeatable  Battery 
for  the  Assessment  of  Neuropsychological  Status  (RBANS)  list  learning 
(Berry-Kravis  et  al.,  2008)  (Figure  9.2).  Only  mild  side  effects  were  seen, 
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although  seven  subjects  experienced  polyuria/polydipsia  (Berry-Kravis 
et  al.,  2008).  P21-activated  kinase  (PAK)  inhibitors  are  another  targeted 
treatment  under  development  for  FXS.  Hayashi  et  al.  (2007)  demonstrated 
biological  and  behavioral  phenotypical  rescue  in  the  fmrl- KO  mouse, 
including  partial  restoration  of  irregular  spine  density  and  shape  in  the 
forebrain  as  well  as  partial  and  full  amelioration  of  locomotor  activity,  ste¬ 
reotypy,  anxiety,  and  trace  fear  conditioning  with  the  dnPAK  transgene. 
PI3K  inhibitors  are  also  targeted  treatments  in  the  fmrl- KO  mouse  and 
will  probably  be  helpful  in  human  studies  when  they  are  initiated  (Gross 
et  al.,  2010). 

The  most  robust  treatment  plan  should  be  multifaceted,  including 
non-pharmaceutical  interventions  such  as  speech,  language,  and/or  occu¬ 
pational  sensory  integration  therapy;  educational/behavioral  interven¬ 
tions  such  as  the  use  of  Early  Start  Denver  Model  for  ASD  (Dawson  et  al., 
2010)  ;  the  use  of  digital  technology  such  as  the  iPAD  learning  programs 
to  enhance  academic,  language,  and  socialization  skills;  in  combination 
with  targeted  treatments,  symptom-focused  medications,  and  a  healthy 
diet  including  antioxidants.  There  is  strong  evidence  for  oxidative  stress  in 
neurons  with  either  the  premutation  (Chen  et  al.,  2010;  Cao  et  al.,  2012)  or 
the  full  mutation  (de  Diego-Otero  et  al.,  2008),  and  the  use  of  antioxidants 
such  as  NAC  (N-acetylcysteine),  alpha  tocopherol  (vitamin  E),  or  melato¬ 
nin  (Romero-Zerbo  &t  Decara,  2009)  has  been  shown  to  normalize  synap¬ 
tic  connections  in  the  fmrl- KO  mouse  (de  Diego-Otero  et  al.,  2008).  We 
therefore  recommend  antioxidants  in  the  diet  of  children  or  adults  with 
the  premutation  or  the  full  mutation. 

This  is  an  exciting  time  for  the  use  of  targeted  treatments  in  those  with 
FXS  because  of  the  possibility  of  reversing  the  ID  and  behavioral  problems 
associated  with  this  and  other  related  disorders  with  similar  neurobiolog- 
ical  changes.  The  future  looks  bright  if  the  funding  can  be  marshaled  to 
carry  out  the  studies  that  will  demonstrate  efficacy  in  individuals  with  FXS. 
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